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ABSTRACT 
 
Benjamin D. Stanford:  Fate and Transport of Steroid Estrogens and Nonylphenols through 
Soils 
(Under the direction of Howard S. Weinberg) 
 
 
Measurable levels of endocrine active substances (EASs) have been reported in domestic and 
industrial wastewater effluents, septic system effluents, surface water, ground water, and 
soils, yet there are still many unanswered questions about their transport, fate, and 
cumulative impacts in the environment.  EASs such as steroid hormones and alkyl phenols 
are of particular interest because of their high use (through agriculture, medicine, household, 
and industry) and their documented harmful effects on the environment.  Though many 
studies have examined the fate of EASs through domestic wastewater treatment, little 
information is known about their fate and transport through septic systems and their impact 
on groundwater or surface water supplies, either as leachate from traditional drain fields or as 
runoff from water reuse/irrigation projects.  The research presented in this dissertation 
provides a three-tiered approach to understanding the fate and transport of steroid estrogens 
and nonylphenols in septic systems and soils: (1) development and validation of an isotope 
dilution method using gas chromatography with tandem mass spectrometry and a yeast 
estrogen screen assay for the analysis of individual analytes as well as total estrogenicity in 
soil, septic system, and groundwater matrices;  (2) application of the instrumental and 
bioassay techniques to compare the ability of traditional septic systems with those using 
advanced stages of pretreatment (e.g. aerobic wetlands, anaerobic wetlands, sand filters, etc.) 
iv 
to remove individual analytes and total estrogenicity from the final effluent; and (3) a 
detailed study into the impact of co-contaminants and effluent quality on the transport and 
biodegradation of steroid estrogens and nonylphenols through soils.  The results of this 
research confirm the validity of the instrumental techniques, show a positive correlation of 
increasing total organic carbon (TOC) with decreased analyte biodegradation and increased 
rates of movement of estrogens through soils, and show that the addition of aerobic stages of 
treatment to septic system waste treatment significantly reduces estrogenicity, individual 
analyte concentrations, and TOC in septic system effluents.  Such findings have implications 
for septic systems in areas with sandy soils and/or shallow groundwater tables, indicating that 
engineered sand filters or wetlands may be necessary to protect groundwater quality. 
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Chapter 1:  Introduction and Background Material 
 
1.1  Overview of the Dissertation and Scope of Work 
 
The research presented in this dissertation provides tools for analysis and insight into the 
fate and transport of steroid hormones and nonylphenols through soil-water systems, with a 
focus on effluent from septic systems.  The theme of fate and transport has been used as a 
common thread to tie together investigations into the development of advanced analytical 
methods for detection and quantitation of the target analytes, examining how different 
treatment options can be used to remove the target analytes and total estrogenicity from 
wastewater in septic systems, and understanding how the co-contaminants in septic system 
wastes will affect the movement of the target analytes through soil-water systems.  To tie all 
of this together, the research was focused around four major hypotheses: 
 
Hypothesis 1:  A robust, sensitive, accurate, and precise analytical method for the 
quantification of steroid estrogens and nonylphenols in soils, groundwater, and septic 
system effluents that accounts for extraction efficiency and variability across matrices 
can be developed using one or more deuterated standards and analysis by gas 
chromatography with tandem mass spectrometry (GC/MS/MS). 
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Hypothesis 2:  The transformation of hormones in soil-water systems is a 
biologically mediated process and the metabolites formed are less estrogenic than the 
parent compounds.  As such, laboratory reactors (aerobic and/or anaerobic) can be 
used to convert steroid estrogens into less estrogenic, and possibly less harmful, 
metabolites in a controlled environment where such metabolites can be identified by 
GC/MS/MS analysis or detected by yeast estrogen screen (YES) assays. 
 
Hypothesis 3:  Septic treatment systems which incorporate multiple stages of 
combined aerobic and anaerobic “pretreatment” processes will be better suited to 
remove steroid estrogens and nonylphenols (parent compounds and subsequent 
metabolites) from effluent than traditional one-tank systems. 
 
Hypothesis 4:  The presence of multiple co-contaminants in a septic system effluent, 
especially effluents which have not been treated with advanced stages of 
pretreatment, will cause competitive sorption with soil particles, increasing their rate 
of transport through a soil-water matrix and decreasing the rate of transformation to 
less harmful metabolites.  This competitive sorption may account for the lack of 
predictability when current solute transport models are used. 
 
Each of the above hypotheses has been investigated through studies presented in the next 
three chapters of this dissertation which provide sound analytical methods and protocols for 
working with septic system samples, an evaluation of septic system components for the 
removal of select endocrine active substances (EASs) and total estrogenicity, and an 
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evaluation of the effect of co-contaminants on the rate of transport of such compounds 
through soil-water systems.  The specific research objectives outlined for this dissertation 
research were as follows: 
 
1.  To evaluate and apply an analytical method of extraction, cleanup, and 
quantification of human steroid estrogens and nonionic surfactant metabolites 
(e.g., nonylphenol) using isotopic dilution to septic system, soil, and soil pore 
water samples. 
2.  To evaluate the ability of different types of on-site septic treatment systems (e.g., 
traditional one tank septic/drainfield vs. addition of primary sand filters, 
secondary sand filters, treatment wetlands, peat pre-filters, textile pre-filters) 
to remove specific human steroid estrogens and NPs from the wastewater 
stream entering the post-treatment discharge system by instrumental and 
bioanalytical techniques. 
3. To evaluate the impact of co-contaminants and wastewater effluent quality on the 
transport of select EASs through biotic and abiotic soil columns and batch 
reactor systems and to compare results with model predictions. 
 
Chapter 2 of this dissertation describes the evolution of the final instrumental method based 
on isotopic dilution and GC/MS/MS analysis for the quantitation and identification of estrone 
(E1), estradiol (E2), estriol (E3), ethinyl estradiol (EE2), and nonylphenol isomers (NPs) in 
soil, septic system, and groundwater matrices.  In Chapter 3 the instrumental methods are 
applied together with a yeast estrogen screen (YES) assay to monitor five distinct onsite 
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wastewater treatment systems in Chatham and Wake Counties, NC.  Recommendations are 
also given for treatment options to remove EASs and overall estrogenicity.  Chapter 4 is an 
in-depth investigation into competitive sorption and transport through batch and column 
studies and focuses on how wastewater of varying quality may impact transport through soil.  
This dissertation is concluded with chapter 5 which provides a summary of the findings and 
ties the common threads together describing the fate and transport of EASs in soil-water 
systems. 
 
1.2  Extent of Endocrine Disruption  
 
One of the most basic and primitive forms of communication that life has evolved is the 
use of specialized chemical signals to send messages within and between organisms.  Many 
of those chemicals are based on various forms of hormones that are specific to the type of 
message or signal that is intended.  These chemicals affect the way organisms grow, develop, 
behave, and interact throughout their lifecycle.  There is a delicate balance between too little 
and too much signal for eliciting a desired response.  In an increasingly complex chemical 
environment with thousands of anthropogenic compounds being introduced every year, it is 
inevitable that some of the “new” chemicals will interfere with the balance of signaling and 
communication that naturally exists.  When this interference affects the endocrine system or 
can elicit a hormone-like response, it is considered “endocrine disruption”.  In general terms 
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EASs1 are chemicals (both naturally occurring and anthropogenic) that can alter or interfere 
with normal endocrine functioning and cell signaling pathways.   
The concentrations of estrogens and nonylphenols found in environmental matrices have 
been shown to impact wildlife, sometimes irreversibly.  Several reviews are available which 
discuss the link between developmental, behavioral, and population dynamics changes and 
exposure to varying levels of EASs including human hormones, phytoestrogens, pesticides, 
nonionic surfactant metabolites, phthalates, and many others (Campbell et al., 2006, Choi, 
2004, Cooper and Kavlock, 1997, de Mes et al., 2005, Huang et al., 2003).  For example, 
male zebrafish can be induced to from vitellogenin, a precursor to egg yolk production, with 
E2 concentrations ranging from 5 to 25 ng/L for adults and 100 ng/L for juveniles (Brion et 
al., 2004).  Male fathead minnows exposed to a domestic wastewater effluent with detectable 
concentrations of E2 and NP also began vitellogenin production (Hemming et al., 2001).  
The synthetic hormone, 17α-ethinylestradiol (EE2), has been shown to negatively impact 
fathead minnow population growth and reproduction at concentrations as low as 4 ng/L 
(Grist et al., 2003).  Mixtures of steroid estrogens at concentrations below the lowest 
observable adverse effect level for single compounds have been shown to have mixture 
effects capable of causing decreased fitness and increased fecundity in male fish (Brian et al., 
2007).  Interestingly, mixtures of nonylphenol and octylphenol showed antagonistic effects 
with E2 and EE2 mixtures in breast cancer cell assays (solvent or aqueous based), indicating 
that such antagonism and/or synergism may play a significant role in total observed 
estrogenicity (Rajapakse et al., 2004).  Genotoxic responses have been observed at high 
                                                 
1 The term “Endocrine Disrupting Compound” (EDC) is found in many of the literature citations and is often 
used in conversation and the media.  Here, “Endocrine Active Substance” is used to incorporate the idea that a 
given response to an EAS can be more, or less, than just the “disruption” of normal endocrine activity.  This 
includes compounds which may be endocrinally active but may ultimately exert some other toxicological 
response or endpoint. 
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concentrations of nonylphenol (800 to 900 µg/L) (Teles et al., 2004), though changes in 
microbial populations have been observed when nonylphenol is present in the low µg/L 
range in waters (Brion et al., 2004, Jontofsohn et al., 2002).    
An often overlooked environmental niche with respect to endocrine disruption is related 
to soils, sediments, and the associated organisms therein.  One study showed that 
nonylphenol concentration in lake sediments was linked to changes in microfungal and 
bacterial population balances (Jontofsohn et al., 2002) while two other studies found 45 
different EASs, including several steroid hormones, that inhibited the signaling between 
plants and soil microbes necessary to begin a symbiotic relationship and to regulate nitrogen 
fixation (Fox et al., 2004, Fox, 2004).  It was shown that nitrogen fixation could be 
negatively impacted by the presence of EASs including synthetic and natural estrogens in the 
nM to µM range.  Such compounds could have the potential to negatively impact crop 
production by disrupting the expression of nodulation D transcriptional activator proteins 
(“nodD”, homologues of the modern estrogen receptors in higher vertebrate species) 
necessary for recruitment and establishment of a symbiotic rhizobial bacterial colony.  
However, when considering septic systems where effluent is released into a soil-based 
drainfield, it is not clear what the impact of an effluent containing a suite of EASs might be 
on soil microbial populations and the ability of the soil to treat the wastewater. 
Measurable levels of EASs in lakes, rivers, streams, and groundwater have been reported 
at environmentally active concentrations in numerous studies (Kolpin et al., 2002, Sacher et 
al., 2001, Ternes, 1998).  Steroid hormones have been found in US surface waters near 
agricultural runoff locations at concentrations up to 800 ng/L (Kolpin et al., 2002) and in 
conventionally treated wastewater in the 10-20 ng/L range with maximum values of nearly 
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100 ng/L (Servos et al., 2005).  Several other studies have found similar low nanogram per 
liter levels of estrone, estradiol, and estriol in, or downstream of, treated sewage and septic 
effluents (D'Ascenzo et al., 2003, Rodriguez-Mozaz et al., 2004b, Wintgens et al., 2003).  
Typically one tends to find much higher levels of hormones and other EASs in the surface 
waters and groundwaters proximal to animal feeding operations than those near sewage 
treatment plants and/or septic systems.  For example, estradiol was found in aqueous runoff 
from poultry litter-fertilized fields ranging from 20 to 2500 ng/L and in soil at concentrations 
of 55 ng/kg to 675 ng/kg after application of manure (Finlay-Moore et al., 2000).  Estradiol 
was also found in groundwater under a mantled karst area between 6 and 66 ng/L (Peterson 
et al., 2000).  This was likely due to contamination from nearby animal feeding operations, 
but is indicative of the ability of hormones to penetrate through the soil and contaminate 
nearby groundwater sources. 
Alkyl phenols (APs), the estrogen mimicking breakdown products of nonionic surfactants 
(alkyl phenol polyethoxylates or “APEOs”), are likely to be found anywhere that nonionic 
surfactants are degraded and are commonly found at ≥ 1000 ng/L (Kolpin et al., 2002).  
Nonylphenol has been found in untreated septage at 1000 – 1500 µg/L, in septic tank 
effluents at 1 – 340 µg/L, and in treated effluent at 16 µg/L (Rudel et al., 1998) while APEOs 
have been found in septic effluents in the range of 4 to 170 µg/L (Conn et al., 2006).  Given 
the relative potency of nonylphenol compared with estradiol (NP is 10-3 times less estrogenic 
(Routledge and Sumpter, 1996, Routledge and Sumpter, 1997, Tanaka et al., 2001) ) one 
might expect to find similar environmental impact from the two compounds.   
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1.3  Relationship between Endocrine Activity and Analyte Chemistry   
 
There exist thousands of compounds that could fall into the category of causing 
endocrine disruption or being endocrinally active.  Endocrine activity can be altered by 
mimicking a natural hormone, inhibiting the binding of a natural hormone to the receptor, or 
changing the rate of removal of the hormone from the system (Kester et al., 2002).  In order 
to understand one of the structural relationships which may make certain chemicals more 
endocrinally active than others, an examination of the human steroid estrogen, 17β-estradiol 
(E2), and two of the primary metabolites 16α-hydroxy-17β-estradiol (estriol or “E3”) and 
estrone (E1), is presented.  These compounds are shown in Figure 1. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
It has been demonstrated (McLachlan, 1985, Routledge and Sumpter, 1997) and is widely 
accepted that the phenolic ring (A-ring) of a steroid molecule is the portion most likely to 
induce estrogenic effects by binding to an estrogen receptor.  Information presented at the 
Estrogens in the Environment Conference (Duax and Griffin, 1985, Raynaud et al., 1985) 
indicate that binding affinity to estrogen receptor sites is enhanced by the presence of 
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Figure 1-1:  Structure of three forms of human “estrogen” with ring letter and number conventions shown.
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hydroxy groups on the A and D rings (specifically on the C-3 and C-17 sites) of an estrogen 
or estrogen-mimicking molecule.  Any disruption of that structure (e.g., adding a glucuronide 
or sulfate) changes the binding affinity and makes it much less likely to be able to bind to the 
receptor site.  Unlike at the C-3 and C-17 sites, the presence of a hydroxy group at the C-2, 
C-4, and C-16 position [as in the case of some of the hydroxy (catechol) metabolites as well 
as estriol] tends to significantly decrease relative binding affinity.  As such, E2 (relative 
activity = 1.00) is more active than E1 (0.3) which in turn is more active than E3 
(0.002).(Tanaka et al., 2001)  A fourth analyte, 17α-ethinylestradiol (EE2), is a synthetic 
version of E2 (having an ethinyl group at the C-17 position) with similar potency.  When 
these compounds are compared with the structure of 4-n-nonylphenol (4nNP) in Figure 2, a 
common similarity can be seen in the “phenolic”, or A-ring, part of the molecule, though the 
remaining structure lacks the rings or additional keto or hydroxy groups.  As such, the 
estrogenic activity of 4-n-nonylphenol (0.001) is about 1000 times less than that of E2 and 
approximately equivalent to that of E3 (Tanaka et al., 2001).   
 
 
 
 
 
 
 
 
 
    
 
The pioneers of the yeast estrogen screen assay (YES assay) (Routledge and Sumpter, 
1996), found that maximum estrogenicity in alkylphenols was realized with alkylphenols 
OH
C9H19
OH
CH3
CH3
CH3
CH3
Figure 1-2:  Two representations of nonylphenol isomers: a generic structure on the left 
(as “C9H19”) and a suggestively drawn isomer on the right showing similarities to steroid 
structure. 
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having para- positioning of a single tertiary branched carbon chain with 6 to 8 carbon atoms 
(Routledge and Sumpter, 1997).  While 4-n-nonylphenol does not meet the branched chain 
criterion, it does have para- positioning on the molecule and was shown to be about three to 
four orders of magnitude less estrogenic than E2.  With nonylphenols (NPs, mixture of 
isomers) present in the 10s to 1000s of µg/L range, a similar overall effect might be expected 
relative to the steroid estrogens which may be present at 3 to 4 orders of magnitude less 
concentration.  Since NPs are found at high concentrations in septic and soil-water treatment 
systems and may be as potent as E2 at their relative concentrations in the environment, they 
were chosen (along with the isomers) for analysis in this study. 
 
1.4  Selection of E1, E2, E3, and EE2 amidst Other Possible Estrogens/Metabolites   
 
The premise for the selection of the EASs used for this study (E1, E2, E3, EE2, and NPs) 
is based on several factors including potency, typical concentrations found in the 
environment, and ability to survive treatment.  The Textbook of Endocrine Physiology 
(Ojeda, 2000) provides a good overview of estrogen metabolism in the body and points out 
that once estrogens are formed they can be transformed into a number of mammalian 
metabolites throughout the body and are also interconvertible between estrone and estradiol.  
One of the primary transformation products is the conversion of estrone to estriol which 
occurs mainly in the liver.  Further transformation, including oxidation and conjugation2 to 
                                                 
2 “Oxidation” refers to the transformation of a carbon-carbon single bond (aliphatic) to a single or double bond 
with an oxygen atom (hydroxy or keto groups, respectively).  Conjugation refers to the process of adding a new 
moiety to the existing functional groups, usually making the molecule more polar and less biologically active.  
In the case of steroid estrogens, glucuronide and/or sulfate moieties are added in place of existing hydroxy 
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glucuronated or sulfated metabolites also occurs primarily in the liver with the objective of 
increasing the polarity of the hormones and preparing them for excretion form the body.  
Interestingly, the metabolites are first excreted from the liver into the intestine where they 
can be again conjugated or de-conjugated, reabsorbed into the body, and/or directly excreted 
in feces.  In the intestines and upon re-entry to the body, the metabolites can be converted 
back to the parent compounds (hydrolyzed) for re-circulation before finally being 
transformed again and excreted in urine or feces.  Musey et al., provides an in-depth 
schematic for the transformation and eventual excretion of estrogens from the human body in 
Steroid Biochemistry, Volume II (Musey et al., 1979).  The major excreted metabolites 
include the following: 
Estriol (E3) plus: 
• E3-16-glucuronide 
• E3-3-glucuronide 
• E3-3-sulfate 
• E3-3-sulfate-16-glucuronide 
Estradiol (E2) and Estrone (E1) plus: 
• E1-glucuronide 
• E1-sulfate 
• E2-3-glucuronide 
• E2-3-sulfate-17-glucuronide 
• E2-17-glucuronide 
• E2-3-sulfate(Johnson and Williams, 2004) 
• (15α-hydroxy E1 and E2)  …lower prevalence/concentration 
• (16α and β-hydroxy E1)  … lower prevalence/concentration 
 
Although many possible metabolites exist, the majority of fecally excreted hormones are 
in the de-conjugated parent form (E1, E2, and E3) (Johnson and Williams, 2004).  In fact, 
once the metabolites leave the intestines, further deconjugation is likely, especially in the 
presence of β-glucuronidase produced by fecal coliforms (D'Ascenzo et al., 2003, Gentili et 
                                                                                                                                                       
groups.  For example, 3-hydroxy estrone (“estrone” or E1) can be conjugated to form estrone-3-sulfate or it can 
be oxidized to form 15-α-hydroxy estrone. 
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al., 2002).  A 2003 study found only three of the aforementioned conjugated estrogens 
(estrone-3-sulfate, estrone-3-glucuronide, and estriol-3-sulfate) at less than 10 ng/L in 
effluent from an activated sludge treatment plant (D'Ascenzo et al., 2003).  Laboratory 
degradation experiments with conjugated estrogens in a natural septic effluent showed a half 
life of ~6 to 7 hours for all glucuronated forms of the estrogens, with complete deconjugation 
by ~ 24 hours.  The sulfated forms had half lives ranging from 60 to 120 hours, with 
complete hydrolysis by 140 to 200 hours (D'Ascenzo et al., 2003).  With residence times in 
one-tank septic systems of 7 to 10 days and short half-lives of the conjugates, the conjugated 
forms of the molecule would likely be found only at low concentrations, if at all.  Given the 
low likelihood of finding the conjugated estrogens in the environment and their low relative 
potency (lower by at least 5 orders of magnitude (Tanaka et al., 2001) due to conjugate 
interference with the ability to bind to estrogen receptor sites, either by steric hindrance or 
decreased lipophilicity), only the fate of E1, E2, and E3 were followed (in addition to EE2 
and NPs) in this study. 
 
1.5  Septic Systems, Estrogens, and Nonylphenols 
 
On-site wastewater treatment systems (i.e., septic systems) are used extensively 
throughout the United States and around the world.  In the U.S., 35 of 50 states have greater 
than 25% of the population using septic treatment systems (EPA, 2002) and 9 eastern states 
(including North Carolina) have greater than 40% use.  In North Carolina alone in FY 2003-
2004, there were nearly 35,000 new permits issued for the installation and operation of on-
site treatment systems (NCDENR, 2003-2004).  Traditional septic systems involve a 
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collecting/settling tank leading to a drainfield through the surrounding soils.  Newer, larger 
systems may involve the use of pre-filters, sand filters, wetlands, and other add-ons which 
primarily serve to remove nutrients from the wastewater.  In order to understand fate and 
transport of micropollutants, one must examine solid-water partitioning, microbial activity, 
residence time, and flow through soil-water drainfields. 
The ability of septic systems to remove EASs and overall estrogenic activity from 
wastewater is not clear though it does appear that the potential for groundwater 
contamination does exist.  Nonylphenols, nonylphenol ethoxylates, E1, E2, and several other 
pharmaceutically active compounds were measured in groundwater under a residential septic 
system using drainage pits for wastewater disposal on Cape Cod, MA (Swartz et al., 2006).  
Several other studies have found numerous endocrine active substances (Conn et al., 2006, 
D'Ascenzo et al., 2003, Rudel et al., 1998, Stanford and Weinberg, 2006, 2007, Swartz et al., 
2006) and surfactants (Naylor et al., 2000, Nielsen et al., 2002) in effluent from septic tanks 
and in the surrounding soil and groundwater environments.  Only one study (Conn et al., 
2006) other than research done for this dissertation has looked at advanced treatment add-ons 
to septic systems for the removal of NPs and a suite of other organic wastewater 
contaminants from the wastewater, though steroid estrogens were not included in the 
analysis.  None of the studies have coupled bioassays with instrumental analysis for the 
examination of the overall quality of the effluent from traditional septic systems or septic 
systems with advanced treatment.  The question remains about how well each component of 
pretreatment is able to remove individual EASs and total estrogenic activity and whether the 
additional treatment would prevent the contamination of nearby groundwater. 
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1.6  Partitioning of Estrogens and Nonylphenols in Soils   
 
In order to understand what might happen to estrogens and NPs once they leave a septic 
system and begin traveling through their respective drainfield towards groundwater, one must 
consider the factors which affect their transport.  These factors include soil-water 
partitioning, biodegradation, and behavior during non-equilibrium conditions such as those 
found when percolation occurs through a soil profile.  Significant progress has been made in 
quantifying solid-water partitioning coefficients (Kd, for linear partitioning behavior) or 
Freundlich partitioning coefficients (KF, for linear and non-linear partitioning behavior) for 
hormones in aqueous systems and most studies agree that binding to organic mater is the 
primary mechanism of sorption for the estrogens and NPs.  As such, many of the partitioning 
coefficient values have been normalized for organic carbon content in soils and other solid 
matrices, resulting in the more often used organic carbon-normalized partitioning coefficient, 
KOC.  Batch studies were most commonly used to measure partitioning coefficients, though 
another parameter, the octanol-water partitioning coefficient (KOW), can be used to estimate 
KOC values by using linear free energy relationships (LFERs) (Lai et al., 2000).  A detailed 
discussion of Kd, KF, KOC, and  KOW is provided in Chapter 4.   
Each of the compounds studied for this dissertation are hydrophobic with low aqueous 
solubility, though the parent NPEO surfactants are much more water soluble3.  Log KOW 
values reported in the literature range from 2.81 to 4.15 for E3, E1, E2, and EE2 (listed in 
order of increasing hydrophobicity) (Casey et al., 2003, Lai et al., 2000, Lee et al., 2003, Yu 
et al., 2004).  Log KOC values have been reported in the range of 3.1 to 3.5 for each of the 
                                                 
3 Aqueous solubility for each compound:  E1 = 6.0 – 13.0 mg/L; E2 = 13.0 mg/L; E3 = 32 mg/L; EE2 = 4.8 
mg/L; NPs = 4.9 – 7.0 mg/L; NPEOs = 42.5 mg/L (also equivalent to the critical micelle concentration or CMC. 
(Brix et al., 2001, Campbell et al., 2006, Lee et al., 2003) 
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steroids (Casey et al., 2003, Casey et al., 2004, Colucci et al., 2001, Colucci and Topp, 2002, 
D'Ascenzo et al., 2003, Das et al., 2004, Yu et al., 2004), though the log KOC has been shown 
to increase to as much as 4.1 at low concentrations of estrogens (Yu et al., 2004).  The log 
KOW value for NPs has been measured in the range of 4.48 to 5.15 (Ahel and Giger, 1993, 
Yamamoto and Liljestrand, 2003) while the log KOC value has been measured at around 4.59 
(Ying et al., 2003).  The higher KOC values for NPs indicate that NPs will be much more 
likely than the estrogens to sorb to organic matter in soils, and could possibly out-compete 
the less hydrophobic estrogens for binding sites on the soil.  Such competitive effects have 
been documented for other compounds in soils (Lai et al., 2000, Yu and Huang, 2005), but 
have not been tested for steroid estrogens and nonylphenols.  Additionally, all of the batch 
studies have been carried out on soils or sediments with organic carbon contents of less than 
2.9 %, which may not be indicative of sorption onto higher organic content soils nor is it 
representative of the range of soil organic matter content one might expect in soils amended 
with wastewater or septic effluents (Rusan et al., 2007, Walker and Lin, 2008, in press). 
In addition to the batch studies referenced above, several studies have used batch and 
packed column experiments to assess the transport of hormones through soil systems (Casey 
et al., 2003, Casey et al., 2004, Casey et al., 2005, Colucci et al., 2001, Colucci and Topp, 
2001, Das et al., 2004, Lee et al., 2001, Mansell and Drewes, 2004).  Casey et al. (2003) 
used 14C-labeled estradiol in aqueous 0.005 M CaCl2 to study sorption and transformation in 
batch reactors and 15.2 cm long, packed columns.  Their study found no 14C-E2 in any of the 
column effluents, though 14C-labeled high polarity, fast eluting metabolites (unidentified, no 
structural information given) were observed and hypothesized to be quinones, indicating 
biotransformation as a possible mechanism for increased transport of estrogen-like molecules 
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through soils.  The labeled E3 transformation product, 14C-E3, was infrequently seen in the 
effluent.  When the soil columns were extracted, E2 was found together with E1, E3, and the 
high polarity metabolite.  No attempt was made to isolate biotic from abiotic transformations. 
A number of laboratory studies have shown that biodegradation could play a significant 
role in attenuating hormones, though this may not always be the case depending on the 
availability of oxygen and is at odds with the earlier-cited evidence showing groundwater 
contamination in the environment.  One batch study showed half lives for the hormones in a 
variety of soils ranging from 3 to 9.5 days, with corresponding increases of an estrone 
metabolite presence (Lee et al., 2003), though another study showed that NPs would remain 
unchanged in soil for at least 70 days under aerobic and anaerobic conditions (Ying et al., 
2003).  Such evidence indicates NPs may be more recalcitrant in the soil-water environment.  
Rapid biodegradation of steroid estrogens has been indicated in several other studies (Colucci 
et al., 2001, Colucci and Topp, 2001, Das et al., 2004, Lee et al., 2003, Mansell and Drewes, 
2004) and is likely due to aerobic degradation (Mansell and Drewes, 2004), though E2 may 
be more labile in anaerobic environments (Ying et al., 2003).  Das et al. (2004) identified a 
rod shaped bacterium via polymerase chain reaction (PCR) as Comamonas acidovorus in 
their soil column experiments, but they were unable to confirm that its presence was related 
to degradation.  In a comprehensive study, Colucci et al. (2001) (Colucci et al., 2001, 
Colucci and Topp, 2001) used 14C-labeled hormones at relatively high concentrations (~1 
mg/kg soil) across sterile and non-sterile soil microcosms in loam, sandy loam, and silt loam 
agricultural soils to investigate the persistence of E2, E1, and EE2.   Soil extraction data 
showed a rapid loss of extractable estradiol corresponding with a rapid increase in estrone in 
the non-sterile soils.  Similar results were reported for the sterile soils, yet the estradiol was 
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more persistent over time than in the biotic microcosms.  A yeast estrogen screen (YES) 
assay showed decreasing estrogenicity in the soils while mass spectrometric analysis 
positively identified the steroid estrogens in column sections and detected no other major 
metabolites under biotic or abiotic soil conditions. 
 
1.7  Competitive Sorption Phenomena 
 
Given all of the above information, one of the least explored areas of hormone and soil 
transport processes is the impact that chemical co-contaminants may have on partitioning, 
biodegradation, and movement through the soil.  Few published studies have examined the 
effects of co-contaminants on the fate and transport of hormones and other EASs through soil 
and water systems, though indications are that such effects may be quite significant in 
transport processes and could lead to increased rates of transport.  Colloidal organic matter 
has been shown to decrease aqueous free concentrations of hormones and NPs in batch 
studies where aqueous solutions of hormones were equilibrated with colloids in suspension 
(Holbrook et al., 2003, 2004, Yamamoto and Liljestrand, 2003, Zhou et al., 2007).  The 
presence of dissolved organic carbon (DOC) at concentrations as low as 4 mg C/L was 
shown to decrease the partitioning coefficient of E2 and NPs to lipid membranes by 20 to 
30% (Yamamoto et al., 2004).  While lipid membranes are not the same as soils, the shift in 
equilibrium towards the aqueous phase (either as free or colloid-bound) could be indicative 
of the potential for facilitated transport through soil.  It has been estimated that wastewater 
colloids could bind up to 60% of estrogens in an aquatic system, representing an extreme 
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case (Holbrook et al., 2004), though that number is more likely in the range of 4 to 31% 
(Zhou et al., 2007).   
Surfactants (chemicals present in soaps, detergents, and personal care products used 
largely to solubilize non-polar organic compounds) may also play a significant role in the 
transport of estrogens and NPs, though the extent of their impact is not clear.  On the one 
hand, dodecylbenzenesulfonic acid [a linear alkylbenzene sulfonate anionic surfactant, found 
at concentrations of up to 18 mg/L in septic tanks and 1.5 mg/L in groundwater (Nielsen et 
al., 2002)] has been shown to lower the partitioning coefficient for E1 and E2 in sediment-
water systems (thereby increasing their presence in the aqueous phase) (Bowman et al., 
2002) and to increase the likelihood that those compounds would sorb to colloidal organic 
carbon (Zhou et al., 2007).  On the other hand, nonionic surfactants such as alkylphenol 
polyethoxylates (APEOs) found at concentrations of up to 11 mg/L (sum of oligomers) in 
septage and 7.5 mg/L in untreated wastewater (Rudel et al., 1998) have been shown to bind 
via hydrogen bonding to charged sites on sediment particles, potentially providing additional 
surficial hydrophobic binding sites4 for non-polar compounds such as estrogens and 
nonylphenols (Brownawell et al., 1997, Zhou and Zhu, 2005).   Likewise, neutral 
pharmaceuticals, such as carbamazepine (100 – 300 ng/L in septic effluent) and 
acetaminophen (up to 1 mg/L in septic effluent) (Godfrey et al., 2007), were shown to have 
increased sorption coefficients in the presence of  nonionic surfactants, again potentially 
slowing their migration through soils(Hari et al., 2005).  Given that surfactants and/or 
surfactant degradation byproducts have been consistently found in household waste (from 
aforementioned literature evidence and ubiquitous use in soaps and detergents), it is 
                                                 
4 Provided that the concentration does not exceed the critical micelle concentration of around 600 mg/L for 
linear alkyl sulfonates (Goon et al., 1997) and 43 mg/L for nonylphenol 12-ethoxylate (Brix et al., 2001). 
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important to evaluate the impact these compounds may have on partitioning and transport, 
especially during non-equilibrium transport conditions. 
Other compounds present in wastewater may also impact partitioning and transport of 
EASs through competitive sorption mechanisms and may serve to force EASs to spend more 
time in the aqueous phase during transport (Doucette, 2000).  For example, estradiol valerate 
(a synthetic estrogen with high KOW and not used pharmacologically) decreased sorption of 
E1, E2, E3, and EE2  to sediments via competitive binding by as much as 75% (Lai et al., 
2000).  As another example, the presence of phenanthrene at aqueous concentrations of 100 
µg/L has been shown to reduce the sorption coefficient (Kd) of EE2 by as much as 35% via 
competitive sorption, forcing EE2 to spend more time in the aqueous phase and possibly 
increasing its rate of transport in a soil-water system(Yu and Huang, 2005).  In the same 
phenanthrene-EE2 study,  co-solutes/sorbates of higher hydrophobicity were found to out-
compete those with lower hydrophobicity [e.g., phenanthrene (log KOW = 4.57) reduced the 
sorption coefficient of EE2 (log KOW = 4.15) which in turn reduced the sorption coefficient 
of naphthalene (log KOW = 3.30)] (Yu and Huang, 2005).  The implication of these studies is 
that co-solutes in a septic effluent with different KOW values may induce competitive sorption 
effects, thereby changing the rate of transport of each chemical through the soil. 
The existing contradictions in findings indicate that significant work needs to be 
undertaken with respect to co-solute transport phenomena in complex systems.  For the target 
EASs in this study (pKa ~10.1 to 10.4, therefore protonated and neutral at typical wastewater 
pH ranges of 5 to 8), pH and conductivity are not likely to have much effect on sorption 
coefficients(Doucette, 2000).  However, DOC and co-solutes in solution may increase the 
“free” concentration of compounds found in the aqueous phase (thereby decreasing the 
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sorption coefficients) as previously indicated.  It is critical that both the solid and aqueous 
phases be considered as well as the role of biodegradation on partitioning and transport.  
Additionally, none of the competitive sorption studies have examined the phenomenon in 
non-equilibrium based systems (i.e., column studies or percolation through soils) and as such 
few conclusions can be drawn about the impact co-contaminants will have in the 
environment.  Where septic tank effluent or treated wastewater is concerned, one needs to 
consider a plethora of compounds including surfactants and their breakdown byproducts, 
other pharmaceuticals, dissolved/colloidal organic matter, and numerous hormones and 
metabolites, all of which coexist in septic effluents and have been found in groundwater 
plumes as previously indicated..   
 
1.8  Current Methods/Methods Development in the Literature   
 
Instrumental Methods   
Methods for the detection of steroid estrogens and alkylphenols (APs) in aqueous, soil, 
and biosolids matrices abound and have been reviewed in articles such as those published by 
(Kuster et al., 2004) and (Petrovic and Barcelo, 2004).  Many of the methods use 
GC/MS(/MS) or liquid chromatography with tandem mass spectrometry (LC/MS/MS), 
though there are other methods that incorporate ultraviolet (UV) or fluorescence detection 
with LC systems.  Detection limits are generally in the very low (often less than 1 ng/L) 
range for LC/MS/MS (Benijts et al., 2003, Rodriguez-Mozaz et al., 2004a) and GC/MS/MS 
(Fine et al., 2003) analysis of aquatic matrices and less than 1 ng/g for soils (Ternes et al., 
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2002).  Aqueous extraction methods rely on pre-concentration such as solid phase extraction 
(SPE) (Fine et al., 2003, Liu et al., 2004b), solid phase microfiber extraction (Basheer et al., 
2005, Braun et al., 2003, Carpinteiro et al., 2004), or liquid-liquid extraction (Soliman et al., 
2004).  Extraction of EASs from solids (e.g., soils, sludge, biosolids, sediment) has typically 
revolved around Soxhlet extraction or other solvent extraction techniques such as sonication, 
shake-flask, microwave-assisted extraction, and accelerated solvent extraction (ASE), though 
there doesn’t appear to be much difference between the methods in terms of overall 
extraction efficiency/recovery (Babic et al., 1998, Gan et al., 1999, Hollender et al., 2003, 
Liu et al., 2004a).   
Though current published methods offer sensitive techniques for low level detection of 
EASs, none of the methods has demonstrated that the use of one or two surrogate standards is 
adequate for the accurate quantitation of a suite of compounds across a variety of matrices.  
Different chemical processes may cause analytes to behave differently during extraction and 
analysis, especially when matrix effects are considered.  The use of “isotopic dilution” [using 
deuterated surrogates for the target analytes to account for recovery and instrumental 
response in mass spectrometry as in EPA Method 1668 (Telliard, 1999)] appears to be a 
promising avenue for method development.  Isotopic dilution has been successfully applied 
to the analysis of estrogens in groundwater, swine lagoon, and septic samples (Conn et al., 
2006, Ferguson et al., 2001, Fine et al., 2003, Swartz et al., 2006) but has not been validated 
for use in multiple matrices nor for NPs, E1, E2, E3, and EE2 simultaneously.  Due to the 
significant expense of deuterated standards, it would be prudent to determine if a single 
surrogate (or a reduced number of surrogates) would be able to compensate for extraction 
efficiency and instrument response.  All other methods for the compounds mentioned above 
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have used either a single deuterated surrogate or other non-labeled surrogate and have not 
demonstrated applicability across matrices nor have they adequately shown that the single 
surrogate behaves the same as the target analytes in extraction or analysis (Benijts et al., 
2002, Ternes et al., 2002).  Additionally, the methods either tended to be unable to clean the 
samples adequately for GC/MS analysis (based on laboratory trials using the published 
methods) or the methods were too long and complex to be useful for a large number of 
samples. 
 
Bioassays for Estrogenicity   
The yeast estrogen screen (YES) assay was first used for the measurement of estrogenic 
activity in environmental samples and was originally applied to the comparison of NP 
isomers (Routledge and Sumpter, 1996).  Briefly, a common yeast strain, Saccharomyces 
cerevisiae, was transfected with the human estrogen receptor (hER) and with a reporter gene 
(lac-Z) that codes for the production of the enzyme, β-galactosidase.  The β-galactosidase is 
secreted by the yeast proportionally to the presence of the estrogenic agent and interacts with 
a color forming agent, chlorophenol red-β-D-galactopyranoside (CPRG), changing it from 
yellow to red.  Yeasts are cultured in micro-well plates in the presence of sample extracts.  
On the same plate, a dilution series of known concentration of E2 is used for “calibration” 
together with a negative control with no sample or standard presence.  Color change is 
measured at 540 nm while yeast growth in solution is measured at 650 nm.  Corrected 
measurements are calculated from A540 – A650.  The EC50, or the concentration at which half 
of the maximum absorbance is reached for a given dilution series, is used to compare the 
relative estrogenic activity of compounds/samples.  There have been reports of interferences 
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from humic acids and false positives due to the presence of androgenic compounds (Tanghe 
et al., 1999), yet the supplier of the yeast for this study has not found that to be the case (De 
Boever et al., 2001).  For the purposes of this study, a positive response from a septic 
effluent or groundwater sample may still be indicative of endocrine activity and therefore 
warrants the use of the YES assay. 
While the YES assay is a powerful tool that offers low detection limits, it is not without 
its limitations.  Several studies have reported discrepancies between YES-calculated estradiol 
equivalent concentration and an instrumental assay of individual chemical compounds in 
heavily matrix-impacted mixtures (Cespedes et al., 2004, Shappell et al., 2007), though this 
discrepancy can be somewhat accounted for by adjusting the data to include relative 
potencies of each analyte (Aerni et al., 2004).  It is important that any data presented 
demonstrate the feasibility of the technique in terms of detection limits and the ability to 
match estradiol equivalents with instrumental measurements in septic effluent samples. 
 
1.9  Gaps in Research   
 
Certainly a wealth of knowledge exists as to possible transformation processes and fate of 
hormones in soil systems.  However, there are still questions that need to be answered, such 
as: what other byproducts occur from the transport of hormones through soil systems?; how 
do co-contaminants and effluent quality affect transport through soils?; what is the relative 
estrogenicity of the metabolites?; what differences occur between laboratory and field 
settings?; what processes are aerobic vs. anaerobic and biologically vs. chemically/physically 
mediated?; and what impacts might the presence of hormones have on soil microbial 
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communities?  It is not clear how biological transformations change the transport of 
metabolites and/or parent compounds through the system.  The total estrogenic potential of 
co-contaminant mixtures needs to be evaluated as synergy and antagonism are little 
understood.  Extraction methods and instrumental analysis need to be verified for 
applicability across a variety of matrices and EASs.  Methods for soil column studies are 
readily available and should be utilized as an avenue of research to evaluate biotic/abiotic 
transformations, aerobic/anaerobic transformations, and co-solute influences.  This can be 
done in combination with YES assays and mass spectral identification to obtain a more 
rigorous investigation into the fate and transport parameters of hormones in soil and to 
identify metabolites from such systems.  With a carefully controlled experiment, an initial 
glimpse into synergism, antagonism, and additivity could also be examined with mixtures of 
EASs in laboratory grade water, septic tank effluent, and recycled wastewater effluent (e.g., 
various estrogens in combination with nonylphenols and nonylphenol polyethoxylates.).  
Such interactions should be considered and evaluated with bioassays coupled with 
instrumental analysis for quantitative purposes.  This dissertation addresses several of the 
above issues through the next several chapters and provides recommendations for the use of 
septic systems to remove EASs as well as suggestions for further research. 
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 Chapter 2: Isotope Dilution for Quantitation of Steroid Estrogens and 
Nonylphenols by Gas Chromatography with Tandem Mass 
Spectrometry in Septic Effluents, Soil, and Groundwater Matrices 
 
2.1 Introduction   
 
Measurable levels of endocrine active substances (EASs) have been reported in domestic 
and industrial wastewater effluents, septage and septic effluents, surface waters, ground 
water, and soils (Conn et al., 2006, D'Ascenzo et al., 2003, Kolpin et al., 2002, Sacher et al., 
2001, Swartz et al., 2006, Ternes, 1998, Ternes et al., 2002a), yet there are still many 
unanswered questions about their transport, fate, and cumulative impacts in the environment.  
Specifically, EASs such as steroid hormones and alkyl phenols are of particular interest 
because of their natural occurrence (estrogens) and high use (alkylphenol polyethoxylates) in 
agriculture, medicine, household, and/or industry as well as their documented harmful effects 
on the environment (Balch and Metcalfe, 2006, Jontofsohn et al., 2002, Teles et al., 2004).  
Although a few studies indicate that some of these EASs could be partially removed or 
transformed during sewage and septic treatment (Conn et al., 2006, D'Ascenzo et al., 2003, 
Lai et al., 2000, Lee et al., 2003, Ternes et al., 2002b), many of these compounds are still 
being found in the environment and in drinking water supplies (Boyd et al., 2003).  Though 
many studies have examined the fate of EASs through domestic wastewater treatment
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(Carballa et al., 2004, Kolodziej et al., 2003, Layton et al., 2000, Wintgens et al., 2003), little 
information is known about the fate and transport of such EASs through septic systems and 
their impact on groundwater or surface water supplies, either as leachate from traditional 
drainfields or as runoff from water reuse/irrigation projects.  A recent study (Swartz et al., 
2006) found relatively high concentrations of estrone (E1), 17-β estradiol (E2), nonylphenols 
(NPs), and other contaminants in sampling wells located near a 4-family septic system, 
indicating that the potential for infiltration into groundwater exists.  However, interactions 
between the molecules which may influence fate, transport, and detection through septic 
treatment and soil-water systems are little understood.   
Methods for the detection of steroid estrogens and NPs in aqueous, soil, and biosolids 
matrices abound and have been reviewed in numerous articles such as those published in 
TrAC, Trends in Analytical Chemistry (Kuster et al., 2004, Petrovic and Barcelo, 2004).  
Excellent methods have been published which offer low detection limits (even down to low 
pg/L range) (Kuch and Ballschmiter, 2001, Rodriguez-Mozaz et al., 2004) and a variety of 
possible concentration and cleanup strategies to obtain pure fractions of various EASs 
(Kolodziej et al., 2003, Kolodziej et al., 2004, Liu et al., 2004, Rodriguez-Mozaz et al., 
2004, Swartz et al., 2006, Ternes et al., 1999a, Ternes et al., 1999b, Ternes et al., 2002a) 
from environmental matrices.  Each type of method offers distinct advantages and 
disadvantages in its analytical approach.  Liquid chromatography with mass spectrometry 
(LC/MS) methods may be prone to matrix interference such as signal enhancement and/or 
signal suppression, though they can obtain lower detection limits under carefully controlled 
conditions.  Gas chromatography with mass spectrometry (GC/MS) methods require 
derivatization and other sample cleanup steps but may be more widely available to 
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researchers as the instruments are generally less costly to purchase and maintain.  Ion trap 
mass analyzers offer the added advantage of being able to scan for a variety of known and 
unknown compounds as well as being able to use tandem mass spectrometry (MS/MS) for 
additional analyte-specific confirmation.  In heavily impacted matrices (e.g., wastewaters) 
MS/MS can help eliminate the false identification and quantitation of co-eluting compounds 
that can occur with single ion monitoring (Ternes et al., 1999b) while also reducing the 
amount of background noise present.  It is important for researchers to have a suite of 
analytical techniques from which to choose for their analytes, sample matrices, and available 
instrumentation.   
The technique of “isotope dilution” (as outlined in EPA Method 1668) (Telliard, 1999) or 
variations thereof, has been used in multiple studies (Boyd et al., 2003, Boyd et al., 2004, 
Ferguson et al., 2001, Fine et al., 2003, Komori et al., 2004, Reddy et al., 2005, Swartz et al., 
2006) to account for extraction inefficiency and loss of analytes through sample workup.  
Isotope dilution offers several distinct advantages:  fewer samples and less sample volume 
are required for quantitation than for the method of standard addition; the reduced number of 
samples decreases the amount of time an instrument must be used for analysis; when 
complex matrices are involved, fewer samples analyzed equates to fewer impurities injected 
into the instrument which would otherwise negatively impact column and detector 
performance; and a single, solvent-based calibration curve can be used for multiple samples 
in different matrices, allowing the user to analyze all samples from a given field site in one 
instrumental run.  Current LC/MS (or tandem-MS) and/or GC/MS methods which use 
isotope dilution for the analysis of EASs in the environment (Fine et al., 2003, Reddy et al., 
2005, Swartz et al., 2006) have typically applied the technique to only one type of matrix 
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(e.g., aqueous samples), and/or have made the unstated assumption that the quantitation of an 
analyte in one sample type (e.g., groundwater) will be the same as another sample type (e.g., 
river water, wastewater effluent, or septic tank effluent).  Other methods that have used either 
a single deuterated standard or other non-labeled surrogate have not demonstrated 
applicability across matrices nor have they adequately shown that the single surrogate 
behaves the same as the target analytes in extraction or analysis (Benijts et al., 2002, Ternes 
et al., 2002a).  Additionally, when procedures published for other matrices were applied to 
samples from septic systems they either tended to be unable to clean the samples adequately 
for routine GC/MS analysis without negatively impacting column or detector performance, or 
the methods were too long and complex to be useful for large numbers of samples.   
Several of the aforementioned GC/MS methods included the analysis of NPs or 
estrogens, but they were not analyzed simultaneously nor did they address method validation 
across multiple matrices. For example,  Rudel et al. published a GC/MS method for the 
analysis of NPs and several other EASs in septic tanks, though the method used large 
volumes of dichloromethane for liquid-liquid extraction and was limited to non-steroidal 
compounds (Rudel et al., 1998).  Conn et al. used GC/MS to analyze septic system samples 
for NPs and other wastewater contaminants but did not include steroid estrogens in the 
analysis (Conn et al., 2006).  Fine et al. used GC/MS for characterization of steroid estrogens 
in swine farm waste lagoons, but did not include NPs in the analysis (Fine et al., 2003).  
While several of the published clean-up steps are used in this method, considerable changes 
and adaptations were made to include NPs, to overcome the challenges presented by septic 
wastes, and to provide validation for sampling from multiple matrices.   
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Though current published methods offer sensitive techniques for low level detection of 
EASs, no GC/MS/MS method exists or has been validated for the analysis of both steroid 
estrogens and NPs in septic tanks, septic effluent, soils, and groundwater matrices.  
Additionally, strong anion exchange (SAX) has been used as a post-extraction step to remove 
interfering, anionic humics from wastewater being analyzed for steroid estrogens (Reddy et 
al., 2005) but has not been used as an in-series step for simultaneous extraction and clean-up 
of estrogens and NPs from aqueous samples.  Our method uses SAX solid-phase extraction 
(SPE) cartridges in combination and in-series with a styrene divinylbenzene polymeric 
sorbent for SPE and silica gel clean-up to reduce background contaminants and to reduce the 
negative impact of complex matrix extracts on instrument performance.  This study also 
provides an approach to, and validation of, extraction and GC/MS/MS analysis of estrogens 
and nonylphenols from a wide range of differing soil, septic effluent, and groundwater 
samples and provides evidence that isotope dilution can be a reliable technique across each of 
these matrices.   
2.2 Experimental Section 
 
Chemicals and Reagents   
Acetonitrile (ACN, Optima HPLC grade) and methanol (MeOH, HPLC grade) were 
purchased from Fisher Scientific (Pittsburgh, PA, USA); acetone (HPLC grade) from 
Burdick and Jackson (Morristown, NJ, USA); methyl tert-butyl ether (MtBE, Ultra-Resi 
Analyzed grade) from J.T. Baker (Phillipsburg, NJ, USA); hexane (95%+, HPLC grade) 
from Sigma-Aldrich (St. Louis, MO, USA); and N,O-Bis(trimethylsilyl)-trifluoroacetamide 
(BSTFA) + 1% trimethylchlorosilane (TMCS) from Supelco (Sigma-Aldrich).  Laboratory 
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grade water (LGW) was prepared in-house from a Pure Water Solutions (Hillsborough, NC, 
USA) system which pre-filters inlet 7 MΩ deionized water to 1µm, removes residual 
disinfectants, reduces total organic carbon to less than 0.2 mg/L with an activated carbon 
resin, and removes ions to 18 MΩ with mixed bed ion-exchange resins.  Neat standards of 
estrone (E1), 17β-estradiol (E2), estriol (E3), 17α-ethinyl estradiol (EE2), mestranol (Mes), 
estradiol-17-acetate (E2-17, surrogate), and hexachlorobenzene (HCB) were purchased from 
Sigma-Aldrich and were all >98% pure. Technical grade nonylphenol (mixture of isomers, 
hereafter designated as “NPs”) was purchased from Acros Organics (Geel, Belgium) and is 
99% pure, though the isomers are uncharacterized.  Deuterated isotope dilution standards 
(IDS) 17β-estradiol-2,4,16,16-2H4 (E2-d4), 17α-ethinylestradiol-2,4,16,16-2H4 (EE2-d4), and 
4-n-nonylphenol-2,3,5,6-2H4 (NP-d4) were purchased from C/D/N Isotopes (Quebec, 
Canada) and were all 99% pure.  All stock solutions were prepared from neat standards in 
acetonitrile (except E3 which was dissolved in acetone:ACN 1:1) at concentrations of 1 g/L 
and kept for up to 6 months.  Fresh working solutions of 10 mg/L were prepared monthly.   
Description of Matrices and Sampling Locations 
The soils used in this study (Georgeville B hereafter described as “Orange 1” and 
“Orange 2”, and Vance Sandy Loam hereafter described as “Chatham”) were supplied by 
landowners in Orange and Chatham Counties, NC, USA and were collected from previously 
disturbed agricultural areas, though the soils had remained fallow for at least 10 years prior to 
sampling.  Collection of the soils involved removal of the top 5 to 10 cm of grass and surface 
detritus in order to reach the A horizon.  Soils were sampled by digging 20 to 30 cm below 
the surface and collecting the entire depth profile with the use of a garden shovel.  Samples 
were air-dried for at least 24 hours and then homogenized by passing them through a 2-mm 
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sieve (Newark Wire Cloth Co., Clifton, NJ, USA) before storing at room temperature in 
sealed Ziploc bags.  Textural analysis and organic matter content were determined as per 
standard methods (Klute, 1986) and are described in Table 2-1.  A more complete 
characterization of the soil is available in Appendix A. 
 
Soil Sample: Orange 1 Orange 2 Chatham 
pH 5.2 5.2 6.2 
Water holding capacity (% by wt.) 63.2 59.4 41.9 
        
Texture:       
% Clay 50 23 10 
% Silt 42 56 18 
% Sand 8 21 72 
USDA textural class Silty Clay Silty Loam Sandy Loam 
 Soil Series Name Georgeville B  Georgeville B Vance Sandy Loam 
    
Particle density (DP) (g/cm3) 2.4 2.3 2.4 
Organic matter content (% by wt.) 16.4 11.7 3.9 
 
Table 2-1: Physical characterization of soils used for this study 
 
The septic system chosen for method development was designed by Integrated Water 
Strategies (IWS, Apex, NC, USA).  The system serves a collection of several small day-use 
businesses (art studio, giclée printing studio, massage therapy studio, electronics repair shop, 
and a machine shop, though only toilet waste was collected from the machine shop) and was 
designed for 5 to 7 days retention time at peak capacity with current daily water flow ranging 
from 1000 to 1400 L/day.  Wastewater passes through a 6800 L septic tank (ST), 5100 L 
pump tank (PT),  vegetated aerobic wetland/sand filter (SF), tidal flow anaerobic wetland, 
5100 L pump tank, greenhouse (aerobic sand filter), 5100 L pump tank, chlorination tank, 
and then is returned to the building for non-potable reuse and irrigation (see Figure 2-1).  
Chlorination of the irrigation and reuse water uses compressed calcium hypochlorite Bio-
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Sanitizing Tablets (Norweco, Norwalk, Ohio, USA), 5 oz, 73% Ca(OCl)2•H2O) to achieve a 
target chlorine residual of 0.2 mg/L.  Grab samples were taken from access ports located at 
each stage of the system; the introduction of solids into the samples was kept to a minimum 
by sampling from the middle of the tank when possible.  Septic effluent samples were 
collected in 1 L or 4 L acid washed amber bottles, transported on ice back to the lab, and 
stored at 4 ºC.  The entire system uses sand/gravel mixtures, so soil samples were not 
available from within the components of the system though they were available in the 
irrigation area that has been receiving effluent for at least 5 years.  Composite soil samples 
were excavated with a hand trowel from the irrigation area within 30 cm (horizontal) of the 
surface irrigation drip lines at depths of 0 – 5 cm and 5 – 10 cm.  The entire depth profile for 
each sample was mixed in a Ziploc® bag and placed on ice for transport to the laboratory.  At 
the time of collection of the soil samples the irrigation system had not been used for at least 
24 hours and the soil was not saturated.  Soils were kept at their field-moist state for analysis 
and duplicate 10 g aliquots of each composited soil were used for extraction and analysis. 
Samples used for quantitation were processed within 24 hours of collection.  
A soil solution sample (meant to simulate groundwater) was prepared by mixing sieved-
dried soils with LGW at a ratio of 1:10 and then allowing the mixture to settle for 24 hours.  
The supernatant was decanted and filtered through a Whatman 934-AH glass fiber filter (1.5 
µm) and used immediately. 
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Figure 2-1:  Schematic of Integrated Water Strategies septic and water reuse system used for this study.  
*=Grab sample collection points 
 
Sample Processing for Analysis     
Septic Systems:  All tests were run in triplicate using main tank or pump tank grab 
samples.  Septic system samples were filtered using two Whatman (Clifton, NJ, USA) GF/D 
(2.7 µm) and 934-AH (1.5 µm) glass fiber filters placed together in a vacuum filtration 
apparatus.  The two-layer filter helped increase flow and decreased the number of times that 
filtration had to be stopped for each sample in order to replace plugged filters.  The filters 
were not saved as the intention was to measure only the aqueous concentration of analytes, 
not the total suspended concentration. Fresh, clean filters were used for each sample.  
Filtered samples were divided into 500 mL aliquots and placed into 500 mL amber bottles.  
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For the recovery experiments outlined later, any spike of native (non-deuterated, non-
surrogate) analytes was made after filtration.  Additionally, each filtered sample was spiked 
with 20 µL (45 µL was used for method development) of a 10 mg/L working solution of an 
IDS standard mixture [E2-d4, EE2-d4, E2-17 (grouped with IDS, though not deuterated), and 
NP-d4] before concentration and clean up.  Filtered and spiked samples were then extracted 
via SPE:  200 mg, 6 cm3 Strata-X (Phenomenex, Torrance, CA, USA) SPE cartridges were 
placed on a Supelco 24-port vacuum manifold and pre-washed with slow, successive elution 
of 3 mL MtBE, 3 mL MeOH, and 6 mL LGW under very low vacuum.  For each Strata-X 
cartridge, a 500 mg/3 cm3 Strata-SAX (strong anion exchange) cartridge (conditioned 
identically to the Strata-X with an additional wash of 3 mL 0.2 M citric acid) was placed in-
line with, and in-front of, the Strata-X cartridge.   Filtered aqueous samples were then passed 
over the solid phases via PTFE tubing under vacuum at a flow rate not exceeding 8 mL/min 
(Zhang et al., 2006), after which the SAX cartridges were discarded5 and the Strata-X 
cartridges washed with 3 mL of 40% MeOH in LGW, 3 mL of LGW, then 3 mL of 10% 
MeOH and 2% NH4OH in LGW (Waters_Corporation, 2002).  The cartridges were dried 
under vacuum for 1 hour and then eluted with 5 mL MtBE:MeOH (9:1) directly onto 200 
mg, 3 cc Si-1 silica gel cartridges (Phenomenex) that had been pre-conditioned with 2 mL of 
the same MtBE:MeOH mixture.  The eluate was collected in 10- to 15- mL conical glass 
vials and the silica gel cartridges were rinsed into the conical glass vials with an additional 2 
mL of the eluent.  The glass vials were placed on a heating block at 40 ºC and the extracts 
blown down to dryness under a gentle flow of N2 using a Pierce (Rockford, IL, USA) Reacti-
Vap Model 18780. 
                                                 
5SAX cartridges were expected to show no retention of analytes at the given pH conditions since the analytes 
were in their neutral state.  Early method development tests confirmed that the SAX cartridges retained no 
measurable quantities of the analytes. 
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Groundwater:  The treatment of the synthetic groundwater samples was identical to that 
of the septic samples with the following exceptions: only a 1.5 µm filter was used instead of 
the two-layer filter used for the septic effluent samples and the Strata-X cartridges were used 
alone, without the addition of the SAX cartridges in-line. 
Soils:  Triplicate aliquots of 5 g (dry weight, 10 g if field moist) soil were placed in 40 
mL amber vials and spiked with IDS mixture as described above.  No special equilibration or 
drying time was used after the IDS spike, though one set of soils was spiked by using 5 mL 
aliquots of acetone spiked with the same mass of analytes as the other samples, followed by 
evaporation of the acetone (these samples were labeled “Drench” since they were completely 
covered by the spike mixture and were used to evaluate the spiking technique).  The soil was 
then extracted by the addition of 10 mL ACN and 1 hour sonication in an ultrasonic bath 
(Branson B-22-4 bath, Shelton, CT, USA).  The sample vials were then centrifuged for 8 
minutes at 2000 RPM in a Beckman/Coulter (Palo Alto, CA, USA) Allegra-6 centrifuge, and 
the supernatants removed and diluted to 210 – 240 mL with LGW (to lower the ACN to less 
than 5% of the solvent volume) for subsequent concentration and cleanup via SPE as 
described above but without the silica gel clean-up. 
Derivatization   
Dry extracts were reconstituted with 50 µL of BSTFA (+ 1% TMCS) plus 50 µL pyridine 
containing 15.3 mg/L HCB as an internal and instrumental performance standard.  The HCB 
was used only to monitor instrument performance between sample injections (see quality 
assurance section) with two exceptions: (1) in the set of experiments when standard addition 
was used to validate isotope dilution whereby HCB was used as a true internal standard to 
normalize area response, and (2) in the determination of absolute recovery from a given 
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matrix (see quality assurance section).  Pyridine serves as a catalyst for the reaction and 
prevents the interconversion of analytes during derivatization (Shareef et al., 2004, Zhang 
and Zuo, 2005) as long as care is taken not to introduce any other solvent into the mixture 
until derivatization is complete.  The reconstituted extracts were then capped with a Teflon-
lined septum, vortexed to remove residual sample from the sides of the test tube, and heated 
for 35 minutes at 65 ºC.  To quench the residual derivatizing agent, 100 µL LGW was added 
to the cooled, derivatized extract followed by 100 µL of hexane, vortexing of the mixture, 
and subsequent resting for 30 minutes before removal of the topmost layer (hexane + 
analytes) for analysis.  The final derivatized extracts were placed into amber glass 
autosampler vials fitted with 50 µL glass inserts for GC/MS and GC/MS/MS analysis. 
GC/MS and MS/MS Analysis Conditions   
A Varian 3800 GC with Saturn 2000 ion trap MS (Varian, Inc., Walnut Creek, CA, USA) 
with an internal ionization source was used for analysis.  Samples were separated on a Varian 
Factor Four DB-1MS column (30 m x 0.25 mm ID x 0.25 µm film thickness) with integrated 
5 m guard column.  A Varian 8200 autosampler was used to inject 1 µL of sample on-column 
through a Varian 1079 injection port fitted with a deactivated glass SPI liner (Restek, 
Bellefonte, PA, USA).  Helium was used as the carrier gas set at a constant flow rate of 1.5 
mL/min.  The injection port was held at 60 ºC for 0.1 minutes then ramped to 250 ºC at 100 
ºC/min.  The column temperature program began at 90 ºC and was held for one minute, 
ramped to 150 ºC at a rate of 15 ºC/min, held for 11 minutes, ramped to 200 ºC at 10 ºC/min, 
then ramped to 290 ºC at 15 ºC/min and held for 6 minutes for a total run time of 33 minutes.  
The transfer line temperature was set at 240 ºC, the trap manifold at 80 ºC, and the ion trap at 
180 ºC.  After a 5-minute solvent delay, the ion trap was operated using either full scan mode 
45 
 
or multiple reaction monitoring MS/MS in electron impact ionization (EI) mode with axial 
modulation voltage set at 4.0, emission current at 10 µamps, the scan range from mass-to-
charge ratio (m/z) of 100 to 515, a target ion count (TIC) of 5000, and automatic gain control 
(AGC) turned on.  Data were analyzed using Varian MS Workstation software v. 6.41.  
Single ion chromatograms were extracted and used for quantitation when the signal to noise 
ratio was ≥ 10 (5 for aqueous samples with high TOC).  Analytes were identified based on 
relative retention time and the ratios of quantitation ion(s) and confirmation ions.  In the case 
of NPs, relative retention time was difficult to estimate because of the number of isomers 
eluting, but the isomers eluted in a characteristic pattern that was used with a retention time 
window for identification.  Table 2-2 summarizes the ion fragments and voltages used for 
quantitation and confirmation of each analyte in both full scan and MS/MS mode. 
  
 
Analyte 
Retention 
Time 
(minutes) 
Molecular 
Mass 
(amu) 
Derivatized 
Mass 
(amu) 
Full Scan 
Quant. Ion 
(m/z) 
Full Scan 
Confirmation 
Ion (m/z) 
MS/MS CID 
Voltage 
(precursor 
ion) 
MS/MS 
Quant. and 
Conf. Ions 
HCB 15.44 284.8 (284.8) 284 249 n/a n/a 
NPs 17.0 to 19.0 220.4 292.6 
179 + 193 + 
221 235 
0.53 (221) 
0.43 (235) 
179 + 193 
+ 221 
4nNP-d4 21.52 224.4 296.6 183 296,184 0.54 (296) 183 
E1 27.16 270.4 342.5 342 257, 73 0.62 (342) 257 + 327 
E2-d4 27.32 276.4 420.7 420 287, 73 0.73 (420) 330, 287 
E2 27.34 272.4 416.7 416 285, 73 0.72 (416) 326, 285 
Mestranol 27.63 310.4 382.6 367 227 n/a n/a 
E2-17 27.90 314.4 386.6 386 326, 244 n/a n/a 
EE2-d4 28.02 300.4 444.8 429 287, 444 0.77 (429) 195 
EE2 28.15 296.4 440.8 425 285, 440 0.77 (425) 193 + 407 
E3 28.56 288.4 504.9 504 414, 386, 73 0.62 (414) 324 + 295 
 
Table 2-2:  List of retention times, ion fragments, collision induced dissociation (CID) voltages, confirmation ions, and quantitation ions for full 
scan and MS/MS analyses.  The “+” symbol is used to indicate when both the quantitation and confirmation ions were summed for analysis.  n/a = 
not analyzed 
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Quantitation of Analytes and Quality Assurance   
Quantitation of analytes was performed using the theory of isotope dilution, even in the 
comparison studies where E2-17, a non-labeled surrogate but treated as such, was used.  
While true isotope dilution uses an exact isotopically labeled standard for each compound 
tested, the method presented here which uses nearest neighbor IDS has been previously 
demonstrated as an acceptable approach (Komori et al., 2004, Telliard, 1999).  External 
calibration curves were created from the dilution of working solutions of standards; IDS were 
added to each calibration standard at the same amount used in the environmental samples (20 
µL of a 10 mg/L working solution).  The relative response factor (RRF) for a given analyte 
across the entire calibration range was required to have a coefficient of variation (CV) of less 
than 20%.  Since the IDS were added to each sample prior to work-up, any problems with 
recovery that may have occurred during work-up and analysis would be accounted for 
inherently in the response of the IDS.   The term “recovery” should be clarified, however.  
For results reported here, the term “relative recovery” refers to the concentration measured 
by isotope dilution divided by the concentration spiked x 100%, while “absolute recovery” 
refers to a ratio of the observed instrumental response for the analyte in a given matrix to the 
expected instrumental response for a known concentration of pure standard (each normalized 
to the response of the internal standard, HCB) x 100%. 
The performance/internal standard, HCB, was used to monitor the instrument response 
for each sample and to provide a reference for relative retention times.  The area response for 
HCB at m/z = 284 for each sample was tabulated across the entire sample data set.  Any 
samples or calibration solutions which had HCB response outside one standard deviation (1 
σ) of the average were rejected.  Only in the case of standard addition, used to validate 
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isotope dilution and in calculating absolute recovery, was HCB used to normalize the 
response of each analyte.  Analytes were identified in the software based on relative retention 
times and on the ratio of the quantification ion to the qualifier ion with a match threshold set 
at 50% of the expected values.  The match threshold was set low because of the complexity 
of the matrix and associated space-charge effects that may occur in ion trap MS.  All mass 
spectra were visually inspected to ensure that positive response was due to the analyte in 
question and not a co-eluting contaminant. 
2.2  Results 
GC/MS and Derivatization Procedures   
Quenching the residual derivatizing agent removed some co-contaminants from the 
extract and much of the background caused by derivatization byproducts as previously 
indicated (Fine et al., 2003) (quenched and unquenched chromatograms available in 
Appendix A, Figures A-1B and A-1C).  Quenching also prevented degradation of the 
capillary column stationary phase as evidenced by lower column bleed after several months 
of daily use and a noticeable partitioning of most of the dark co-extracted organic matter into 
the uncharacterized middle of three layers of the hexane extracts.  Only the top layer was 
transferred to autosampler vials for chromatographic analysis.  The relative analyte areas 
(analyte to HCB area) of quenched and non-quenched extracts of solvent standards are 
shown in Table 2-3.  The area response for EE2 is somewhat compromised in the quenched 
sample, yet the change in response of EE2-d4 matches that of the unlabeled compound and 
is, therefore, able to compensate for the difference (ratio of quenched to unquenched = 0.78 
for EE2 and 0.76 for EE2-d4).   
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  Relative Area for Each Analyte 
  NPs E1 E2 E2-17 EE2 
Quenched Ave 2.83 2.34 1.80 5.35 2.41 
 Std Dev 0.41 0.34 0.17 0.65 0.21 
 RSD (%) 14 14 10 12 7 
       
Unquenched Ave 2.46 2.74 1.83 5.97 3.07 
 Std Dev 0.63 0.39 0.16 0.64 0.08 
 RSD (%) 26 14 9 11 3 
 
Table 2-3:  Relative areas (area of analyte/area of HCB) for quenched extracts (n = 6) and non-quenched 
extracts (n = 4) of derivatized pure standards.  RSD = relative standard deviation. 
 
 
The analysis of nonylphenols in environmental samples using GC/MS has an added layer 
of complexity in that some of their isomers are resolved and each mass spectrum is unique.  
As such, extracted ion chromatograms must be a sum of multiple ion fragments and the total 
NPs peak area must be taken as the sum of each individual peak during the elution time 
window.  Figure 2-2A shows the ion-extracted chromatograms from a solvent standard (5 ng 
NPs/µL on column) while Figure 2-2B – D are from extracts of the main tank effluent from 
the septic system used in method development.  While the recommended mass-to-charge 
ratio (m/z) of 179 (Figure 2-2C) has been used elsewhere for quantitation of the sum of NP 
isomers (Liu et al., 2004), it was found that using a combination of ions produced more 
reproducible results and improved detection (Figure 2-2B).   A caution should be noted, 
however:  one of the major fragments present in NPs is m/z = 207 (relating to the loss of 
C6H13 from the 9-carbon chain), which is one of the same fragments observed from siloxane 
column bleed.  Even though inclusion of m/z 207 may provide slight improvement of signal, 
it should be avoided in order to prevent erroneous peak integration in case of co-eluting 
column bleed (Figure 2-2D).  The final choice of fragments for quantitation was m/z 179 + 
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193 + 221 (Figure 2-2B) and there was no observable difference with or without the 
inclusion of m/z 235 with the above fragments (data not shown).  Additional mass spectral 
information for the NP isomer peaks labeled in Figure 2-2A can be found in Appendix A, 
Figure A-2. 
 
 
Figure 2-2:  Comparison of quantitation ions for solvent standard and septic effluent samples containing NPs.  
A = solvent standard, m/z = Σ (179+193+221); B = main tank effluent, m/z = Σ (179+193+221); C = main tank 
effluent, m/z = 179; D = main tank effluent, m/z = Σ (179+193+207).  Small letters refer to spectra provided in 
Appendix A Figure A-2. 
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MS/MS Analysis Compared with Full Scan   
The use of MS/MS analysis for the quantitation of NPs was determined to be less reliable 
than full scan analysis for two reasons:  (1) non-linear performance of the standards during 
generation of the calibration curve (CV > 20%) and (2) a consistent overestimation of NPs 
concentration in environmental samples when compared with full scan analysis.  During 
MS/MS analysis the NP-d4 isotopically labeled standard response was often negatively 
impacted by the coelution of another compound, likely a nonylphenol polyethoxylate 
(NPEO) oligomer.  As such, the concentration of NPs as measured by isotope dilution in 
MS/MS mode was as much as twice the value measured by full scan analysis of the same 
extract (e.g., in a septic pump tank sample with full scan analysis, NPs concentration = 422 
µg/L with 14 % RPD; in the same pump tank sample with MS/MS analysis, NPs 
concentration = 772 µg/L with 11 % RPD).  Since the full scan analysis was validated against 
standard addition, the measured concentration from MS mode was taken as the “true” 
concentration of NPs in the extract.   
The MS/MS analysis of the estrogens was much more favorable, but it was not without 
its drawbacks.   The IDS E2-d4 was negatively impacted by co-eluting matrix interferents in 
MS/MS analysis, which affected the quantitation of E1 and E3 since E2-d4 was used as their 
IDS in full scan analysis.  The measured concentrations of E1 and E3 were generally much 
higher in MS/MS mode than in full scan analysis until it was observed that EE2-d4 could be 
used as the labeled IDS for E1, E3, and EE2 in MS/MS mode6.  The MS/MS analysis was 
generally able to provide lower detection limits, better precision, and always provided an 
added level of confirmation for the positive identification of the target analyte by the 
                                                 
6 For example, during the analysis of an IWS Pump Tank sample for E3:  Full Scan concentration = 23 ng/L 
(102% RPD), MS/MS relative to E2-d4 = 41 ng/L (122 % RPD), MS/MS relative to EE2-d4 =  24 ng/L (20 % 
RPD). 
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production of specific daughter ions.  Full scan analysis was often unable to detect E1 and E3 
in extracts of aqueous samples containing high organic carbon while it also was prone to 
overestimation of EE2 due to a co-eluting compound with identical quantification ions as 
previously reported (Ternes et al., 1999b).  
Linearity of Instrument Response   
Linearity of instrument response as a function of concentration is evaluated inherently in 
the isotope dilution calculations for each sample set and is validated when the CV is less than 
20 %.  As a demonstration of linearity ranges, data from two experiments are shown.  One set 
of standard extracts corresponding to a theoretical range of 40 to 10,000 ng/L in a 500 mL 
aqueous sample prior to SPE if 100% recovery is assumed was shown to have a Pearson 
correlation coefficient (r2) greater than 0.996 for all estrogens.  Similar linearity was obtained 
for the estrogens in the range of 4 to 400 ng/L.  A calibration curve of derivatized NP 
isomers had an r2 of 0.9848 for a concentration range of 1700 to 3.4 x 106 pg/µL, equivalent 
to a theoretical sample concentration of 340 ng/L to 680 µg/L in a 500 mL aqueous sample, 
again assuming 100% recovery by SPE.  The linear ranges tested are sufficient to measure 
NPs typically found in the low to mid µg/L range in septic effluents (Rudel et al., 1998, 
Swartz et al., 2006) and estrogens typically found in the same matrix in the low ng/L range 
(D'Ascenzo et al., 2003, Swartz et al., 2006). 
Detection Limits   
Instrument detection limits (IDLs) were determined daily by observation of the lowest 
concentration of analyte with a signal to noise ratio (S/N) of at least 10 from the injection of 
derivatized solvent standard extracts in the order of lowest to highest concentration.  At peak 
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performance, IDLs were 5 to 10 pg/µL on-column (equating to 2 to 4 ng/L if 100% recovered 
by SPE from a 500 mL aqueous sample) for all of the estrogens in MS/MS mode; The IDL 
for NPs was 2500 pg/µL (500 ng/L if 100% recovered by SPE from a 500 mL aqueous 
sample) in full scan mode.  Practical quantitation limits (PQLs) for any sample set were 
based on the daily IDL.  If the IDL was observed to be 10 % less sensitive, for example, then 
the PQL was subsequently increased by 10% and verified by the response of the 
corresponding low concentration data point.  As a demonstration of response near the 
detection limit in a matrix impacted sample, Figures 2-3 and 2-4 show mass spectra for NPs 
and E1 (respectively) from one of the pump tank samples used for this study.  
 
Figure 2-3:  Chromatogram (bottom) and associated full-scan mass spectrum (top) of IWS “Post Wetland” 
sample showing responses for NPs at 4 µg/L. 
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Solid-Phase Extraction of Aqueous Environmental Samples   
Several SPE cartridges were tested for analyte recovery from LGW including Alltech C-
18, Strata-X, Oasis HLB, and Supelco Discovery DPA-6S.  One study (Liu et al., 2004) 
found that HLB performed slightly better than Strata-X when ethyl acetate was used as an 
eluting solvent.  Evidence from other studies (Shareef et al., 2004, Zhang and Zuo, 2005, 
Zuo and Zhang, 2005) as well as findings from early stages of method development in our 
laboratory indicated that the use of ethyl acetate could cause interconversion of hormones to 
257 244 
Figure 2-4:  Spectra of E1 in solvent standard (top) at the equivalent of 50 ng/L aqueous and in IWS “Post 
Wetland” sample (bottom), measured as 17 ng/L aqueous.  The signal to noise ratio at m/z = 257 of the solvent 
standard and sample were 78 and 14 respectively. 
55 
 
occur during derivatization, though this was of little importance during SPE since the eluting 
solvent is completely evaporated prior to derivatization.  We successfully used 10% 
methanol in MtBE as the eluting solvent and for SPE cartridge comparison since each 
chemical can be purchased at higher purity than ethyl acetate, evaporates much more quickly 
than ethyl acetate, and has been successfully used by others (Fine et al., 2003).  There were 
no statistical differences observed between absolute recoveries of the analytes in LGW from 
the different solid phases.  Though many methods use C-18 (Gray, 2003, Ternes, 2001) or 
HLB (Liu et al., 2004) cartridges for extraction of estrogens from aqueous samples, the 
similar chemistry of the Strata-X to the HLB and their higher maximum organic loading 
capacity compared with the C-18, factored into the decision to use the Strata-X.  In soil and 
groundwater matrices the analytes exhibited consistent absolute recoveries.  The addition of 
the wash steps for septic samples (Waters_Corporation, 2002) improved and provided 
consistent absolute recovery from septic samples using Strata-X as shown in Table 4.  
Additionally, our experiments found that the inclusion of a 500 mg/3cc Strata-SAX cartridge 
in-line with, and in-front of, the Strata-X cartridge improved absolute recovery from these 
highly organic samples as shown in Table 2-4.  The absolute recoveries reported in Table 2-4 
are relative to HCB and have accounted for any response observed in the un-spiked main 
tank extracts by subtracting the area response of the un-spiked sample from the area response 
of the spiked sample.  Main tank and pump tank effluent samples have a likely range of total 
organic carbon from 31 to 152 mg/L (Braida et al., 1998, EPA, 2002); hence, a 500 mL main 
tank or pump tank sample which may contain 15 to 75 mg carbon could overwhelm the 
loading capacity of a 200 mg Strata-X Cartridge (Phenomenex product literature reports the 
capacity at ~ 20 mg total sorbate).  The Strata-SAX cartridge, on the other hand, has a 
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loading capacity of 33 mg sorbate for a 500 mg cartridge.  It is hypothesized that the 
additional SAX cartridge removes enough of the anionic organic matter (no pH adjustment, 
effluent pH 5.5 to 6.5) to allow the Strata-X to extract more efficiently all of the analytes 
from the matrix, as observed by dark coloration of the SAX cartridge after SPE.   
 
 Percent Absolute Recovery 
SPE treatment NPs E1 E2 Mes EE2 E3 
SAX/Strata-X combination 94 (9*) 93 (1*) 98 (23*) 106 (6*) 103 (6*) 81 (14*) 
       
Strata-X alone, with wash steps — 81 (16) 61 (14) 55 (6) 49 (6) 49 (8) 
       
Strata-X alone, no wash steps — 56 (4) 45 (5) 47 (2) 40 (4) 36 (5) 
Table 2-4:  Comparison of SAX cartridge and wash steps on absolute recovery (%) from spiked septic pump 
tank samples.  Number of samples is abbreviated as “n”; n = 3 except for the SAX/Strata-X combination for 
which n = 2.  Numbers in parentheses are % RSD when n = 3 and relative percent difference (RPD) when n = 2.  
“—“  = not determined 
 
Comparison of Response across Matrices   
Relative response ratios for each analyte to IDS pair were examined across soil, septic 
effluent, and groundwater matrices and were within 20% (except for mestranol), indicating 
acceptable reproducibility.  IDS and analytes were spiked at the same concentration and the 
same ratios for each matrix tested.  The NPs data shown in Table 2-5 fall within the 20% 
range if the apparent outlier from the groundwater data is removed from the calculation. 
Mestranol typically fluctuated significantly in response even in solvent standards and, 
therefore, had a correspondingly higher coefficient of variation within and between matrices.  
Table 2-5 summarizes the relative response in full scan mode for each pair: NPs/NP-d4, 
E1/E2-d4, E2/E2-d4, Mes/EE2-d4, EE2/EE2-d4, and E3/E2-d4.   
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  Relative Response 
Matrix  NPs/ NP-d4 
E1/ 
E2-d4 
E2/ 
E2-d4 
Mes/ 
EE2-d4 
EE2/ 
EE2-d4 
E3/ 
E2-d4 
Solvent standard 0.94 1.67 0.89 0.83 0.92 n/a 
Orange 1 1.30 1.25 0.85 1.23 1.03 n/a 
Orange 2 1.49 1.44 0.95 1.25 1.04 n/a 
Drench (Orange 2) 1.43 1.44 0.94 0.85 1.00 n/a 
Chatham  1.00 1.24 0.81 0.78 0.92 n/a 
Synthetic groundwater 1.84 § 1.01 0.84 0.64 1.20 0.95 
Solvent standard 0.94 1.06 0.85 n/a 1.27 0.94 
LGW alone 1.50 1.28 0.85 n/a 1.18 n/a 
LGW with 5% ACN 1.47 1.28 0.85 n/a 1.19 n/a 
Solvent standard n/a 0.84 0.92 0.66 1.30 1.06 
Pump tank: with wash steps n/a 1.24 1.04 0.66 1.17 0.98 
Pump tank: no wash steps n/a 1.09 0.97 0.68 1.15 0.91 
Pump tank: no formaldehyde n/a 1.21 1.23 0.72 1.07 0.69 
Pump tank: with formaldehyde n/a 1.14 0.96 0.55 0.96 0.62 
        
 Average 1.32 § 1.19 0.92 0.77 1.12 0.88 
 Std. Dev 0.31 0.21 0.10 0.23 0.13 0.16 
 RSD (%) 23 18 11 30 11 18 
 
Table 2-5:  Relative GC/MS (full scan) response within each matrix for the native/IDS parings.  § If the NP 
groundwater datum is not used in the calculation of average relative response for NPs, then the average value is 
1.26 and the RSD is 20%.  n/a = recovery data not available (see text for further information) 
 
Data for E3 are missing from several of the sample matrices due to early use of 100% 
MtBE as the eluting solvent.  Estriol was not observed in samples until the 10% MeOH/90% 
MtBE eluting solvent was used.  The NPs analysis added an extra layer of complexity in that 
no septic effluent samples could be found that did not have a baseline of NPs far enough 
below the spike levels to allow for a true comparison of recovery.  As such, the NPs/NP-d4 
ratio reported for all septic system samples is inordinately high and was not used in the 
calculation of the averages.  The LGW vs. LGW with added 5% ACN samples were 
analyzed to determine whether the 10 mL of ACN from the soil extraction in 220 mL 
aqueous solution would negatively impact recovery.  No observable difference was seen. 
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A further evaluation of the data provides some insight into the appropriateness of a single 
internal standard compound to account for differences in extraction efficiency and instrument 
response from different matrices.  If instead of using the IDS pairings, E2-17 is used as the 
sole internal standard for all compounds tested, the following responses averaged across all 
matrices tested (with percent relative standard deviation) are obtained:   1.33 (16%), 0.71 
(31%), 0.56 (43%), 0.96 (27%), 1.28 (43%), and 0.67 (36%) for NPs, E1, E2, Mes, EE2, and 
E3, respectively.  With the exception of NPs, the other compounds exhibit more variability 
and, therefore, may be more likely to have their true concentration over- or underestimated 
depending on the matrix.  Despite the better precision observed when NPs are normalized by 
E2-17, it is not clear from the data that the use of E2-17 will provide any better measure of 
recovery of NPs from the matrix than NP-d4.  As such, for quantitation of environmental 
samples, only NP-d4 should be used as the IDS for NPs as evidenced by absolute recovery 
and relative response.   
Recovery of Analytes from Soil Matrices   
Absolute recovery for each analyte varied based on the type of soil used.  At best, E3 was 
only 48% recovered from the Chatham soil.  For the remaining analytes (NPs, E1, E2, and 
EE2), the absolute percent recovery ranged from 60 to 76% for the Orange 1 soil, 57 to 85% 
for the Orange 2 soil, 62 to 99% for the Chatham soil, and 83 to 101 % from the Drench 
(Orange 2) soil.  Recovery from field moist soil was slightly lower at 50 to 54%.  The 
“Drench” absolute recovery may have been higher due to the action of the acetone used in 
the spiking method, acting as an initial pseudo-extraction step or preventing the interaction of 
the analytes with the soil organic matter, leaving the analytes on the surface of the soil 
particles rather than being potentially sorbed further into the matrix.  Therefore, the “Drench” 
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method was not used in further spike experiments.  Regardless, the ratio of analyte to IDS 
was still able to compensate for any difference in extraction efficiency (see Table 2-5). 
Validation of Isotope Dilution against Standard Addition   
Isotope dilution was verified against standard addition in full scan mode by applying each 
analytical technique to filtered effluent from the aerobic vegetated sand filter of the test 
septic system.  The un-spiked effluent showed a measurable concentration of NPs at 29 µg/L 
as measured by isotope dilution but no measurable levels of estrogens. Therefore, to ensure 
observation of measurable levels of estrogens through both techniques, the remaining 
effluent was spiked to a total concentration of 50 ng/L of estrogens and divided into 500 mL 
aliquots.  A standard addition curve was built upon these spiked aqueous samples:  triplicate 
base “zero” samples and duplicate standard addition samples of 10, 50, 100, and 250 ng/L (1, 
10, 100, and 500 µg/L for NPs, respectively) above the spiked 50 ng/L, each sample being 
500 mL initially and taken through the same concentration, clean-up, derivatization, and 
analysis as described above.  All samples were also spiked with deuterated standards at 200 
ng/L and a five-point solvent-based calibration curve was created for isotope dilution 
calculations.  Quantitation was performed by one of three methods:  isotope dilution using 
the pairs of NPs/NP-d4, E1/E2-d4, E2/E2-d4, Mes/EE2-d4, EE2/EE2-d4, and E3/E2-d4 
(“Method 1”); quasi-isotope dilution using E2-17 as the sole internal standard for each of the 
analytes (“Method 2”); and standard addition whereby each area response was normalized to 
the response of HCB.  The PQL was 10 ng/L for each of the estrogens and was 1 µg/L for the 
NPs.   With the exception of Mes, isotope dilution provided as accurate a measurement, if not 
more so, of the spiked concentration as standard addition.  The error was 5% for E3, 10% for 
E1, 2% for E2, and 19% for EE2 using isotope dilution.  The percent error was not evaluated 
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for NPs, though the measurement via isotope dilution was within 3% of the measurement by 
standard addition.  Average signal to noise ratios at the 50 ng/L (“zero”) spike level were 
within the range of 51 to 82 for each of the analytes, indicating the feasibility of achieving 
detection at the 10 ng/L level or less.  Table 2-6 shows the calculated concentration for each 
compound using isotope dilution and standard addition as well as a comparison of “isotope 
dilution” with E2-17 as the surrogate.  
 
  
Total 
NPs 
(µg/L) 
E1 
(ng/L) 
E2 
(ng/L) 
Mes 
(ng/L) 
EE2 
(ng/L) 
E3 
(ng/L) 
Background 
concentration 29 n/d n/d n/d n/d n/d 
Amount spiked into 
sample 0 50 50 50 50 50 
Isotope dilution 
(“method 1”) 29 55 49 84 59 52 
Quasi – isotope 
dilution (“method 2”) 14 55 40 85 64 52 
Standard addition 28 40 49 64 67 53 
 
Table 2-6:  Comparison of standard addition to isotopic dilution for calculation of estrogens and NPs in an 
aerobic sand filter effluent (duplicate samples):  Background concentration was measured by isotopic dilution; 
“Method 1” refers to standard isotopic dilution; “Method 2” refers to the use of E2-17 as the sole “labeled” 
compound in the isotopic dilution calculations. Not detected is abbreviated as “n/d” 
 
Measurement of NPs and Estrogens in Environmental Samples   
Samples from each stage of the test septic system were analyzed in duplicate by isotope 
dilution as were the field-moist soil samples collected from the water reuse irrigation area.  
The PQL for this data set was 10 ng/L in aqueous samples (1 ng/g in soil) for estrogens and 
500 ng/L in aqueous samples (50 ng/g in soil) for NPs.  Measured concentrations are shown 
along with relative percent difference (RPD) in parentheses in Table 2-7.  The soil samples 
were collected and analyzed in November 2006 along with a set of aqueous samples in full 
scan mode (data not shown).  The aqueous sample data shown in Table 2-7 are from March 
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2007 and reflect the use of MS/MS analysis and the use of EE2-d4 as the IDS for E1, E3, and 
EE2.   
 
 Measured Concentration (relative percent difference) 
Sample Location NPs (µg/L) E1 (ng/L) E2 (ng/L) E3 (ng/L) EE2 
Main tank 329 (29) 15 (23) < 10 21 (single) n/d 
Pump tank 422 (14) 24 (31) < 10 24 (20) n/d 
Aerobic sand filter 22 (34) n/d < 10 < 10 n/d 
Post wetland 5 (single) 17 (23) < 10 n/d n/d 
Post greenhouse 4 (single) n/d < 10 n/d n/d 
       
Soil, 0 - 5 cm < 50 ng/g n/d 10 ng/g (6) n/d n/d 
Soil, 5 - 10 cm < 50 ng/g n/d 6 ng/g (47) n/d n/d 
Table 2-7:  Average concentrations (n = 2) measured by isotopic dilution of NPs (full scan) and estrogens 
(MS/MS) found in samples from each stage of pretreatment for the test septic system and irrigation area (soil 
samples).  RPD is reported in parentheses.  n/d = not detected (no response) 
 
Nonylphenols were detected in each stage of the treatment system and in the irrigation 
area.  The trend of increasing NPs concentration from the main tank to the pump tank 
followed by a decline in NPs concentration during subsequent stages of treatment has been 
observed in several other septic systems (Stanford and Weinberg, 2006).  This trend will be 
investigated in future studies but it may be due to the anaerobic degradation of the NPEOs in 
detergent wastes (conversion to NPs) followed by the aerobic degradation and/or sorption of 
NPs, estrogens, and their degradation products in sand filters and other aerobic 
“pretreatment” stages.  The E1, E2, and E3 concentrations remained relatively constant in 
between the main tank and pump tank but then declined in subsequent stages of treatment.  
There was a re-occurrence of E1 in the “Post Wetland” sample, though there are insufficient 
data to explain this occurrence.  Given the day-use-only nature of the test system, one would 
expect that any sampling point in the system is not necessarily a direct reflection upon the 
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treatment of the grab sample taken at the previous sampling point.  Therefore, the detection 
of E1 in the later stage of treatment could be from a higher concentration of E1, E2, or E3 in 
an earlier plug of water that was not captured during a same-day sampling event or from 
hypothetical biotransformation of analytes and/or conjugates (Andersen et al., 2003, Lee et 
al., 2003, Servos et al., 2005, Ternes, 1998, Ternes et al., 1999a).  Similarly, E2 was 
observed in the irrigation area.  Though accumulation of E2 in the soil could be 
hypothesized, it would appear to be an unlikely explanation given that E2 was detected 
below the PQL in each stage of treatment.  It was later discovered that the sampling area was 
not secure from local animals and that at least one female dog often frequented the vicinity, 
thus giving rise to another possible explanation of the elevated levels of E2 in the soil 
samples.  Based on this, it is unlikely that the septic system with its advanced stages of 
pretreatment would be a major source of estrogens to the soils in the irrigation area. 
The rapid attenuation of NPs and estrogens beyond the initial main tank and pump tank 
may be indicative of the ability of additional stages of pretreatment to remove other 
hydrophobic EASs from main tank effluent prior to release into leach fields or surface water 
discharge.  Any remaining EASs in the effluent stream should be rapidly transformed or 
degraded at chlorine residuals of 0.2 mg/L (Deborde et al., 2004) though any ammonia 
present (tested at <0.9 mg/L, actual value unknown) could react with the chlorine to produce 
less reactive chloramines, thereby leaving the EASs relatively unchanged.  If, however, the 
original EASs do react with chlorine or chloramines, then the chlorinated products may be as 
estrogenic as the parent molecule (Deborde et al., 2004, Hu et al., 2002, Hu et al., 2003) and 
the impact that these chlorinated EAS byproducts may have on the soil microbial community 
is not yet understood.   Additional stages of pretreatment in conjunction with conventional 
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one-tank septic systems appear to be a viable method for the removal of EASs from the final 
effluent discharge, though this needs to be further evaluated in multiple systems with varied 
pretreatment add-ons.  It is imperative that a better understanding of the fate and transport of 
EASs be developed in terms of degradation, product/metabolite tracking, and total 
estrogenicity (via assays such as the yeast estrogen screen), not just in conventional septic 
systems but also in systems where chlorination and/or surface discharge may play additional 
roles in affecting the fate and transport of such molecules. 
 
2.4 Concluding Remarks   
 
Based on the findings in this study, it is strongly recommended that samples with high 
organic content and complex matrices such as septic system effluents include each of strong 
anion exchange, mixed polarity polymeric sorbent and silica gel clean-up for the solid-phase 
extraction, concentration, and clean-up of samples prior to analysis.  Quenching of the 
residual BSTFA is also important for maintaining column longevity as well as for removing 
additional remaining co-contaminants.   Without the additional clean-up steps during and 
after SPE, practical quantitation limits may be negatively impacted based on the type of 
matrix from which the analytes have been extracted.  The validation of this isotope dilution 
method across multiple high-organic containing matrices has been clearly shown in the data 
presented and should be considered a viable option for quantitation of NPs and steroid 
estrogens in environmental samples.  The method has been validated against standard 
addition though the necessity of using both MS/MS and full scan has been demonstrated for 
estrogens and NPs, respectively.  The use of this isotope dilution method provides a valuable 
tool for further investigation into the fate and transport of EASs through septic system, soil, 
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and groundwater matrices, both in controlled laboratory studies and in field measurements of 
test septic systems. 
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Chapter 3: Evaluation of On-Site Wastewater Treatment Technology to 
Remove Estrogens, Nonylphenols, and Estrogenic Activity 
 
 
3.1 Introduction   
 
    On-site wastewater treatment systems (a.k.a. septic systems) are used extensively 
throughout the United States and around the world.  In the U.S., 35 of 50 states have greater 
than 25% of the population using septic treatment systems and 9 eastern states including 
North Carolina have greater than 40% use (EPA, 2002).  During the 2003-2004 fiscal year, 
there were nearly 35,000 new permits issued for the installation and operation of on-site 
treatment systems in North Carolina alone (NCDENR, FY 2003-2004).  Traditional septic 
systems involve a collecting/settling tank leading to a drainfield installed in naturally 
occurring soils while newer, larger systems may involve the use of pre-filters, sand filters, 
wetlands, and other add-ons which primarily serve to remove nutrients from the system prior 
to discharge into the environment.  In addition to typical percolation through soil, many 
states permit the discharge of septic system effluent directly into surface waters as long as 
fecal coliform and nutrient loading levels meet mandated limits (EPA, 2002).   
With a wide variety of treatment options, discharge scenarios, soil types, and 
groundwater depth the question arises as to the ability of a given system to remove pollutants 
prior to reaching ground or surface waters.  In properly functioning septic systems, 
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groundwater contamination from viruses, bacteria, nutrients, and other organic wastewater 
pollutants has been well documented (Conn et al., 2006, Geary, 2005, Godfrey et al., 2007, 
Rudel et al., 1998, Scandura and Sobsey, 1997, Shivashankara and Sharmila, 2004).  Failing 
septic systems may further contribute to surface and groundwater pollution with raw effluent 
which may contain much higher levels of nutrients, pathogens, and organic micropollutants 
(Charles et al., 2005, Scandura and Sobsey, 1997, Whitlock et al., 2002).  Even systems 
which function well in early stages of operation may experience reduced capacity to treat 
wastewater over time with exposure to laundry detergents (Amoozegar, 1998), eventually 
leading to increased infiltration of pollutants to groundwater or surface water.  Potent 
micropollutants such as steroid estrogens and nonylphenols, which can impact microbial and 
aquatic macro-species at low concentrations (Balch and Metcalfe, 2006, Brion et al., 2004, 
Fox, 2004, Jontofsohn et al., 2002), may also be of concern as they are released into the 
environment from septic systems (Conn et al., 2006, Geary, 2005, Godfrey et al., 2007, 
Rudel et al., 1998, Scandura and Sobsey, 1997, Shivashankara and Sharmila, 2004). 
The ability of septic systems to remove endocrine active substances (EASs) and overall 
estrogenic activity from wastewater has not been thoroughly investigated, though it does 
appear that the potential for groundwater contamination exists in one-tank or drainage pit 
systems.  For example, nonionic surfactants such as nonylphenol polyethoxylates (NPEOs) 
and their nonylphenol metabolites (NPs),  steroid estrogens such as estrone (E1) and 17-β 
estradiol (E2), and several other pharmaceutically active compounds were measured in 
groundwater under a residential drainage-pit septic system for wastewater disposal on Cape 
Cod, MA (Swartz et al., 2006).  Several other studies have found numerous EASs (Conn et 
al., 2006, D'Ascenzo et al., 2003, Rudel et al., 1998, Stanford and Weinberg, 2006, 2007, 
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Swartz et al., 2006) and surfactants (Naylor et al., 2000, Nielsen et al., 2002) in effluent from 
septic tanks and in the surrounding soil and groundwater environments.  Only one study 
(Conn et al., 2006) has previously looked at advanced treatment add-ons to septic systems for 
the removal of NPs and a suite of other organic wastewater contaminants from the 
wastewater, though steroid estrogens were not included in their analysis.  None of the studies 
have coupled bioassays with instrumental analysis for the examination of the overall quality 
of the effluent from traditional or advanced septic systems.  The question about how well 
each component of pretreatment is able to remove EASs and estrogenic activity and whether 
additional treatment would prevent the contamination of nearby groundwater remains to be 
answered. 
The data presented in this chapter of the dissertation provide a novel approach to studying 
the fate of estrogenic compounds in environmental matrices.  For the first time a yeast 
estrogen screen (YES) assay has been combined with instrumental analysis that has 
accounted for the recovery data for individual analytes to explain discrepancies previously 
reported in the literature between YES and individual analyte measurements (Beck et al., 
2006, Céspedes et al., 2004, Céspedes et al., 2005, Gibson et al., 2005b, Gibson et al., 
2005a, Holbrook et al., 2005).  In addition, the data presented herein provide additional 
insight into the impact that advanced stages of septic systems can have on the removal of 
individual analytes and overall estrogenicity.   
The objectives of this study were:  (1) to examine the ability of traditional septic systems 
and different types of pretreatment add-ons to remove NPs and the steroid estrogens E1, E2, 
estriol (E3), and 17-α ethinylestradiol (EE2) from the final effluent prior to discharge into the 
environment; (2) to examine the ability of each system and each stage of treatment within the 
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system to remove total estrogenicity as measured by a YES assay;  and (3) to evaluate the 
YES assay against instrumentally based individual EAS measurement as a tool to monitor the 
effectiveness of treatment. 
 
3.2 Experimental Section   
 
Description of Sampling Locations   
Five distinct on-site wastewater treatment systems in Orange, Chatham, and Wake 
Counties, NC were chosen for this study.  Sites were carefully selected to include differing 
levels of pre-treatment options on each system, larger populations per system than typical 
residential systems (each system was used by at least 25 individuals), both residential and 
non-residential use, and systems where the female users were likely to have already reached 
menarche.   The site descriptions are as follows: 
 
System 1 is located at the Integrated Water Strategies office in Pittsboro, NC (day-use 
office) with integrated water reuse system designed for 5 to 7 days retention time.  Daily 
wastewater flow ranges from 1,000 to 1,400 L/day and passes through a 6,800 L septic tank 
(ST), 5,100 L pump tank (PT),  vegetated aerobic wetland/sand filter (SF), tidal flow 
anaerobic wetland, 5,100 L pump tank, greenhouse (aerobic sand filter), 5,100 L pump tank, 
and chlorination tank, before being returned to the building for non-potable reuse and 
irrigation.  System 2 is at a public, day-use high school serving 600 students and staff with a 
maximum capacity of 24,000 L/day and is permitted for surface discharge; typical system 
flow ranges from 6,000 to 8,500 L/day and includes a 7,000 L main ST, textile filter, 10,000 
74 
 
L holding tank/ PT, vegetated primary SF, 27,000 L split PT (3,700 L return flow to main 
ST, remaining water continues to subsequent stages), vegetated secondary SF, return to pump 
tank (second side), UV disinfection, and then discharge to a surface water adjacent to the test 
system (less than 15 m distant).  System 3 is a Montessori day-school with 51 students 
between 7th and 9th grade (29 boys, 22 girls), supported by four full-time and three part-time 
faculty.  Daily water use ranges from 510 to 680 L/day and flows through a 6,800 L main ST, 
is then split to flow through two sub-surface flow anaerobic wetlands, re-combined in 5,400 
L PT, split to two aerobic vegetated SFs , then recombined and sent to either a surface flow 
wetland for holding or to a surface spray irrigation system.  Systems 4 and 5 are located at a 
9th to 12th grade college preparatory boarding school for girls with approximately 40 
residential students and 8 staff.  System 4 is the main system treating all classroom, kitchen, 
office, and outlying building waste with a 13,600 L ST,  6,800 L holding tank, 13,600 L PT 
(A), spray irrigation sand filter, 13,600 L PT (B) with 66% return to PT A and 33% sent to a 
low pressure pipe drainfield.  System 5 serves only the dorm system with flow ranging from 
1,700 to 3,000 L/day and consists of a 6,800 L main ST and two subsequent PTs of the same 
volume to reach a dual zone drainfield.   
 
Sample Collection and Handling 
Septic System 1 was sampled four times from 2006 to 2007,  Systems 2 and 3 were 
sampled once during the spring of 2007, and Systems 4 and 5 were sampled twice from 2006 
to 2007.  The March, 2006 sampling results for Systems 1, 4, and 5, however, fell outside 
quality control criteria due to poor instrument response and are, therefore, not included in the 
data analysis. Grab samples were collected from each tank or access port within the septic 
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systems, stored in 1 L or 4 L acid-washed amber bottles and placed on ice for transport to the 
University of North Carolina at Chapel Hill lab where they were processed immediately or 
placed in a 4 ºC cold room for later extraction and analysis.  Samples were generally 
collected and analyzed on the same day and never exceeded a collection-to-analysis time of 
24 hours.  All samples (except those set aside for total organic carbon (TOC) analysis) were 
filtered through stacked Whatman (Florham Park, NJ) GF/D and 934-AH glass fiber filters.  
Stacking a 2.7 µm filter on top of a 1.5 µm filter allowed for faster filtration of effluents, 
especially those from within the main septic tank, and fewer filters used to replace clogged 
ones during the process.  Laboratory grade water (LGW) was prepared in-house from a Pure 
Water Solutions (Hillsborough, NC) system which pre-filters inlet 7 MΩ deionized water to 
1µm, removes residual disinfectants, reduces total organic carbon to less than 0.2 ppm with 
an activated carbon resin, and removes ions to 18 MΩ with mixed bed ion-exchange resins.  
Blanks of LGW were extracted and analyzed with all environmental samples to monitor for 
background contamination (data shown in Appendix B, Tables B-2 through B-4). 
 
Characterization of Effluents   
Dissolved oxygen, temperature, pH, conductivity, specific conductance, and salinity were 
measured on-site using YSI field probes (Yellow Springs, OH).  Chemical analysis for 
nitrate, ammonia, and alkalinity was performed using Titrets or VacuVial test kits 
(CHEMetrics, Calverton, VA) at the laboratory.  Total organic carbon (TOC, as non-
purgeable organic carbon), dissolved organic carbon (DOC, using 0.45 µm filtered effluent), 
and total nitrogen (TN) were measured using a Shimadzu TOC-V and TNM-1 analyzer 
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(Shimadzu Scientific Instruments, Columbia, MD).  Turbidity was measured using a Hach 
Turbidimeter (Hach Company, Loveland, CO). 
 
Materials for Chemical and YES Analysis   
Steroid estrogens (E1, E2, E3, and EE2, all >98% pure), hexachlorobenzene (HCB, used 
as a performance standard), and hexane (HPLC grade, 95%+ pure) were purchased from 
Sigma-Aldrich (St. Louis, MO).   Nonylphenol was purchased from Acros Organics (Geel, 
Belgium) as a technical mixture of isomers at >99% purity.  The deuterated surrogate 
standards 17β-estradiol-2,4,16,16-d4 (E2-d4), 17α-ethinylestradiol-2,4,16,16-d4 (EE2-d4), 
and 4-n-nonylphenol-2,3,5,6-d4 (NP-d4), all 99% pure, were purchased from C/D/N Isotopes 
(Quebec, Canada).  All solid phase extraction (SPE) cartridges were purchased from 
Phenomenex (Torrance, CA).  Methanol (MeOH) and ethanol (EtOH) were HPLC grade and 
purchased from Fisher Scientific (Pittsburgh, PA).  Methyl-tert-butyl ether (MtBE) was 
Ultra-Resi Analyzed grade and purchased from J.T. Baker (Phillipsburg, NJ). N,O-
bis(trimethylsilyl)trifluoracetamide + 1 % trimethylchlorosilane (BSTFA) was purchased 
from Supelco (Bellefonte, PA).  Difco Sabouraud dextrose agar was purchased from Becton, 
Dickinson, and Company (Sparks, MD).  Chloramphenicol (99%) was purchased from Alfa 
Aesar (Ward Hill, MA).  Chlorophenol red-β-D-galactopyranoside (CPRG) was purchased 
from EMD Biosciences (La Jolla, CA).  Sterile 96-well, 300 µL microplates and lids were 
supplied by Laboratory Supply Distributors, Inc. (Mt. Laurel, NJ). 
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Chemical Analysis   
The steroid estrogens and NPs were analyzed by isotopic dilution as described in Chapter 
2 and elsewhere (Stanford and Weinberg, 2007).  Briefly, duplicate, filtered 500 mL aqueous 
samples were spiked with 20 µL each of a 10 mg/L mixture of deuterated surrogate standards 
(E2-d4, EE2-d4, and NP-d4)  and extracted using pre-conditioned Strata strong anion 
exchange (SAX) SPE cartridges in series with Strata-X (mixed phase polymeric sorbent) SPE 
cartridges at a flow rate not exceeding 8 mL/min.  After extraction the SAX cartridges were 
discarded and the Strata-X cartridges rinsed with successive 3 mL aliquots of 40 % MeOH in 
LGW, 100 % LGW, then 10 % MeOH/2% NH4OH in LGW.  After 1 hour of drying under 
vacuum, the Strata-X cartridges were eluted onto and through Si-1 silica gel SPE cartridges 
with 6 mL 10 % methanol/90 % MtBE (silica gel cartridges pre-conditioned with the same 
eluting solvent), collecting the eluent in conical glass test tubes.  Extracts were blown down 
to dryness under a gentle stream of N2 at 45 ºC, reconstituted in 50 µL of BSTFA and 50 µL 
pyridine spiked with 15 mg/L HCB, allowed to derivatize for 30 minutes at 65 ºC, quenched 
with the addition of 100 µL LGW and 100µL hexane (HPLC grade, 95%+ pure, Sigma-
Aldrich), vortexed to ensure contact of BSTFA with LGW, and then allowed to settle for 30 
minutes.  The topmost layer (hexane + derivatized analytes) was removed an analyzed by gas 
chromatography with mass spectrometry (GC/MS) for NPs and GC/tandem mass 
spectrometry (GC/MS/MS) for the estrogens using a Varian Factor Four DB1-ms column (30 
m x 0.5 mm id x 0.5 µm film thickness + 5 m integrated EZ-guard column), in a Varian CP-
3800 GC and a Varian Saturn 2000 ion trap with external ionization source (Varian Inc., 
Lake Forest, CA).  Quantitation was performed using isotopic dilution and an external 
calibration curve. 
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Yeast Estrogen Screen Assay   
The yeast estrogen screen (YES) assay (Routledge and Sumpter, 1996) was used to 
analyze septic system effluent samples for estrogenic activity in parallel with the instrument 
analysis described above.  The human estrogen receptor-transfected yeast strain was supplied 
by Duke University with permission of, and under agreement from, John P. Sumpter of 
Brunel University, Middlesex, UK.  Assay procedures followed originally published 
(Routledge and Sumpter, 1996) with the following exceptions:  (1) Yeast colonies were 
propagated on sterile plates filled with a Difco Sabouraud dextrose agar (60 mg/L + 3 mL 2.5 
mg/mL chloramphenicol) and a new plate was streaked every 30 to 60 days using a single 
colony from the previous plate.  Plates were incubated in the dark for 3 days at 30 ºC and 
then stored at 4 ºC.  (2) Growth and assay medium was prepared as originally described but 
was inoculated with a single colony from the most recent streak plate.  (3)  All incubation 
was carried out at 30 ºC in a dark, controlled-temperature room.  (4)  Inoculated 96-well 
microplates with the sample + yeast + CPRG were allowed to develop for up to 5 days to 
reach adequate color development.  (5) Color development was measured using an Emax 
Precision Microplate Reader (Molecular Devices Corp., Sunnyvale, CA) at 650 nm (turbidity 
correction) and 570 nm (color change).  Corrected absorbance was calculated as A570 – A650 
and data were analyzed using the open source software “R” version 2.4.0 
(R_Development_Core_Team, 2006) in conjunction with a dose-response curve (DRC) 
package add-on (Ritz and Streibig, 2005) to determine the concentration of estradiol, or 
relative concentration of the sample extract, needed to induce 50% of the maximum 
response, written as the EC50. 
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For each aqueous sample spiked with the deuterated standards designated for quantitation 
by instrumental analysis with isotopic dilution, a single, non-spiked sample designated for 
the YES assay was carried through the same SPE steps described above without the final 
elution through a silica gel cartridge.  The SPE extracts designated for YES analysis were 
blown down to dryness as previously described and reconstituted in 200 µL EtOH.   A 
38,000 ng/L working solution of E2 in EtOH was prepared daily to be plated along with the 
samples.  Sterile, clear, 300 µL, 96-well plates were used to plate standards and samples.  
Each plate contained an E2 positive control in the first row, followed by a negative control 
(background EtOH only) in the second row, and then duplicate aliquots of each sample 
extract in the subsequent rows.  Standards or sample extracts were plated in 20 µL aliquots of 
the working solution and serially diluted 1:2 across the plate.  The EtOH was allowed to 
evaporate in a laminar flow biosafety cabinet and then each well was filled with 250 µL of 
the inoculated assay medium.  The dilutions led to E2 standard concentrations of 3000 ng/L 
to 3 ng/L in the positive control row.  At the end of color development, plates were read as 
described above.   
 
Quality Assurance   
Significant attention was paid to quality assurance and quality control (QA/QC) measures 
used in the methods for this study as outlined in Chapter 2.  QA/QC measures included the 
use of LGW blanks during instrumental and YES analyses, positive and negative spike 
controls, duplicate samples, internal and performance standards to monitor consistency 
between injections during instrumental analysis, MS/MS analysis for positive identification 
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of analytes coupled with isotope dilution for quantitation, and standard addition tests to 
measure matrix effects in both YES and instrumental analyses and to validate the accuracy of 
isotope dilution. 
 
3.3 Results and Discussion   
Instrumental Detection Limits and Precision 
Daily instrumental limits of quantitation were monitored and adjusted based on 
instrument response to the lowest observable concentration of HCB and each of the estrogen 
and NP standards, as outlined in Chapter 2.  Practical quantitation limits (PQLs) were 
likewise adjusted and ranged from 2 to 10 ng/L for the estrogens in MS/MS mode and 250 to 
500 ng/L for NPs in full scan mode.  Due to the poor response of E2 in MS/MS mode (as 
reported previously in Chapter 2), quantitation of E2 was performed using full scan data 
while identity was confirmed using MS/MS mode (samples were injected twice:  once for 
full scan analysis and once for MS/MS analysis).  While injection to injection reproducibility 
was acceptable (<20% RSD based on HCB), precision between samples was less than ideal.  
The median relative percent difference between duplicate samples was 21% while the mean 
was 27% for the estrogens; for NPs the median was 34% and the mean was 38%.  Given the 
complexity of the matrix involved, such results are not surprising, though interpretation 
should be limited to general trends rather than discussion of precise valuation of sample 
concentration in each stage of treatment. 
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YES Detection Limits and Validation   
The PQLs for the YES assay were determined by testing a series of standard E2 dilutions 
in LGW.  The 38,000 ng/L working solution of E2 was diluted volumetrically, reducing the 
concentration by half each time, until 8 individual dilutions of E2 had been prepared with 
concentrations ranging from 38,000 ng/L to 148 ng/L.  Each dilution was then plated in 
duplicate, serially diluted across the plate, and analyzed as previously described.  In order to 
minimize the errors associated with low-dose response whereby the EC50 is underestimated 
due to failure of the sigmoidal dose-response curve to reach a maximum plateau (see Figure 
3-1A), a four-parameter logistic model was used which allows the user to define, or the 
computer to estimate, lower limit, upper limit, slope, and EC50 values as desired for the curve 
based on experimental data and values obtained daily from the high-concentration standards 
(e.g. 38,000 ng/L E2).  The four-parameter logistic model is described by 
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where b = slope, c = lower limit, d = upper limit, and e = EC50.   The EC50 values were never 
forced upon a given model, but lower limit, upper limit, and slope were adjusted to give the 
best fit to the data and trends observed in E2 controls.  Best fit was determined by 
reiteratively adjusting model parameters to minimize standard error associated with deviation 
of data points from the model fit.  Using this method and plotting the EC50 results against 
concentration resulted in a Pearson sample correlation coefficient (r2) of 0.9909 and a 
precision (based on 95% confidence intervals) of 18% at 148 ng/L and 19 % at 38,000 ng/L.  
Based on a concentration factor of 2500 (taking 500 mL aqueous sample to 200 µL extract), 
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this would relate to a range of 59 pg/L to 15.2 ng/L in the original aqueous sample, assuming 
100 % recovery. 
 
 
 
 
In addition to accounting for the errors associated with low-dose response, the adjustable 
four-parameter logistic model is able to account for early cell die-off, common in extracts 
which exert outright toxicity on the yeast or in aqueous samples which have high biological 
activity.  An ANOVA model comparison was used to test the acute toxicity and low-dose 
models described above to determine whether the adjustments to the default model resulted 
in a statistically relevant difference.  Figure 3-1A shows an E2 standard curve compared with 
a low concentration extract modeled by using the default settings and then again using 
maximum and minimum response values from the E2 standard but shaping the curve to the 
Figure 3-1:  Sigmoidal dose-response curves for YES-generated data.  Closed circles ( ● ) represent the response of the 
E2 standard while open symbols ( ○ or ◊ ) represent the response of (A) a low-concentration sample and (B) a sample 
affected by outright toxicity.  The solid line in Figure 3-1A represents the modeled curve for E2, the long-dashed line is 
the adjusted model for the low dose, and the short-dashed line represents the default model.  In Figure 3-1B, the solid 
line represents the adjusted model and the long-dashed line represents the default model. 
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data from the sample.  The ANOVA model comparison of the EC50 values for the two 
models gives a p-value of 2.6 x 10-6.  Figure 3-1B shows a case where toxicity caused die-off 
of the yeast in the concentrated wells and the same two model differences shown in Figure 3-
1A.  The ANOVA model comparison of the EC50 values from Figure 3-1B results in a p-
value of 0.017.   Based on the linearity and the ANOVA results, the user-defined model was 
used to analyze all subsequent YES-derived data. 
 
System Characterization and Performance   
A complete summary of all parameters measured for each septic system is available in 
Appendix B, Tables B-1 – B-5.  Systems 1, 2, and 4 each obtained 79%, 85%, and 96% 
reductions in TOC, respectively, between the main tank and the collection point after the first 
aerobic sand filter, though final effluent concentrations were more closely grouped (5.9 mg/L 
as C, 3.6 mg/L as C, and 6.5 mg/L as C, respectively).  System 3 had only 64% removal after 
the anaerobic and aerobic sand filters and achieved a final TOC concentration of 9.6 mg/L as 
C.  System 5 with no additional stages of treatment other than pump tanks had a 60% 
removal of TOC with a final concentration of 39.4 mg/L as C.  Dissolved oxygen levels 
increased from < 0.1 mg/L in the anaerobic portions of the system to 5.4 – 8.9 mg/L after 
aerobic sand filters.  Ammonia concentrations were generally conserved or increased slightly 
during anaerobic stages of treatment, but quickly converted to nitrate upon moving through 
aerobic sand filters.  Ammonia was removed to less than 0.9 mg/L for Systems 1 – 4, but was 
measured at 58 mg/L for System 5 which had no “pretreatment” add-ons. 
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Monitoring of Estrogens, NPs, and Total Estrogenicity 
Before analyzing trends, it should be emphasized that sampling septic systems provides 
many challenges to the analyst, not the least of which is the issue of obtaining a 
representative sample due to non-uniform mixing.  With smaller systems, this issue is 
especially pronounced as a given plug of sample may experience increased residence time in 
one segment of the system (e.g., during system quiescence at night for an office system) or 
decreased residence time (e.g., during periods of high use such as receiving laundry or 
shower water from a dormitory), thereby limiting the conclusions that can be drawn about the 
“disappearance” or “reemergence” of a given analyte.  To address this issue to the extent 
possible, small-scale residential systems were avoided (though a large-scale residential 
dormitory system was used) and the minimum number of adults served by a system was 25.   
Data from the analysis for NPs, steroid estrogens, and total estrogenicity in samples 
collected at each of the five systems during the spring of 2007 are shown in Figure 3-2 (a 
complete summary of the data can be found in Appendix B).  In each of the systems tested, 
the presence of an aerobic sand filter was able to reduce the concentration of each analyte as 
well as the total estrogenicity.  In the case of System 3, the anaerobic sand filter was not able 
to reduce analyte concentration or total estrogenicity though the ratio of E2 to E1 increased.   
Although interpretation from a single observation is limited, it points towards the importance 
of aerobic biodegradation and/or transformation processes over removal by sorption to 
organic carbon substrates, though this is contradictory to the observations made by Conn et 
al. (2006).  Were sorption the dominant mechanism for removal, one would expect that any 
additional stages of filtration (aerobic or anaerobic) would equally remove the analytes under 
investigation.  An observed increase in E1 and E2 concentrations in the anaerobic wetland or 
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Figure 3-2:  Summary of estrogen, nonylphenol, and YES-assay data for each of the five systems tested during 2007.  Error 
bars for the estrogen and NPs data show the range of the duplicate values; error bars for the YES assay data show 95% 
confidence intervals on the measurement.  The dashed vertical line divides traditional system components (e.g. main tank and 
pump tank) from additional stages of treatment (e.g. wetlands, sand filters, etc.)  Note that all axes for a similar class of 
analytes (except System 1, September, 2007) are on the same scale. 
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greenhouse effluent (both of which are positioned after the aerobic wetland) in System 1 
during the March and September 2007 sampling events may be indicative of the potential 
deconjugation or biotransformation of estrogen metabolites as suggested in other studies 
(D'Ascenzo et al., 2003, Gentili et al., 2002), though this is less likely due to the rapid 
deconjugation of glucuronide and sulfate metabolites in the presence of fecal matter 
(D'Ascenzo et al., 2003, Gentili et al., 2002).  A simpler explanation may stem from the 
heterogeneity of the system and varying concentrations in the plugs of wastewater moving 
through the treatment system.   
The high concentration of E3 observed in System 2, however, could be accounted for by 
the hypothesis of rapid deconjugation of the conjugated E3 metabolites, especially if any of 
the individuals served by the system were pregnant.  One study (D'Ascenzo et al., 2003) 
reported that a pregnant woman excretes almost 6500 µg/day of conjugated E3, representing 
84% of the total conjugated estrogenic output.  If rapid deconjugation is assumed, it would 
only take two to three pregnant females spending approximately 1/3 of their day at school to 
excrete enough conjugated E3 to equate to over 400 ng/L of free E3 in either the main tank 
(7000 L) or the pump tank (10,000 L).  Given the most recent data for teenage pregnancy 
rates in North Carolina (Guttenmacher_Institute, 2006), claiming 54 pregnancies per 1000 
females age 15 to 17, this explanation does not seem unrealistic for a public high school with 
over 600 students.  Additional evidence for this hypothesis can be found in examining the 
ratio of E1, E2, and E3:   E3 makes up 80% of the total estrogens in the main tank, and 75% 
of the total in the pump tank, both values being close to the 84% reported previously 
(D'Ascenzo et al., 2003). 
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The  concentration of NPs was highest in System 1 during the September, 2007 sampling 
event (1980 µg/L, 10% RPD), though the range in the remaining main tank and pump tank 
samples was 37 to 562 µg/L [average = 140 µg/L; n =17 for main tank samples and 224 µg/L 
(n=26) for pump tank samples].  In two of the three sampling events the concentration of NPs 
tended to increase from the main tank through the stages of anaerobic holding tanks and 
anaerobic wetlands.  This trend is highlighted in Figure 3-3.  While this study did not 
quantify nonylphenol ethoxylates (NPEOs), observations of decreasing NPEO peaks in 
chromatograms (see Appendix B, Figure B-1; identity confirmed by mass spectrometry and 
comparison with NPEO standards) corresponded with increasing NPs concentration.  While 
parent nonylphenol ethoxylate surfactants are readily biodegradable in anaerobic conditions 
found in septic systems (Naylor et al., 2000), NPs have been shown to be resistant to 
degradation under anaerobic conditions (Ying et al., 2003).  As such, one would expect NPs 
to accumulate under anaerobic conditions while the parent surfactants continued to be 
degraded.  Under aerobic conditions NPs are expected to be readily degraded (Ying et al., 
2003), as was observed once the effluent passed through an aerobic sand filter.  It should be 
noted, however, that even with the addition of a sand filter, the concentration of NPs in 
effluent was still at or above the 10 µg/L chronic effect level observed in minnows (Balch 
and Metcalfe, 2006) and could have implications for septic systems which discharge to 
surface receiving waters. However, the one system tested with surface water discharge 
(System 2) was able to reduce the concentration of NPs to just below 10 µg/L with a second 
aerobic sand filter.    
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With respect to surface discharge, the receiving water for System 2 was tested upstream 
and downstream from the septic effluent discharge point and it was determined that the septic 
system was not a source of estrogens, NPs, or estrogenic activity to the receiving water.  
While there were no detectable levels of E1, E3, EE2, or NPs in the receiving water, E2 was 
detected at 34 ng/L (3% RPD) upstream and 34 ng/L (20% RPD) downstream and the YES 
response was elevated, though not noticeably different, from that of the system effluent 
(upstream EEQ = 0.9 ng/L, downstream = 0.5 ng/L, post-UV effluent = 0.4 ng/L).  It was 
later discovered that the discharge point was approximately 0.75 to 0.5 km downstream from 
a large-scale poultry operation, a known source of estradiol from manure runoff (Finlay-
Moore et al., 2000).  
Figure 3-3:  Comparison of NP behavior during two sampling events at Systems 1 and 4.  The control line 
represents the 10 µg/L chronic effect level observed by Balch and Metcalfe, 2006
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Comparison of YES Data with Individual Analyte Data 
Prior to applying the YES assay to environmental samples, standard E1, E2, E3, EE2, and 
NPs working solutions were plated, diluted, and analyzed by the YES assay to compare the 
relative estrogenicity of each compound.  Estradiol equivalents (EEQs) were used to compare 
relative estrogenicity and were determined as follows: 
 
Sample 50,
Control  E250,
EC
EC
EEQ =  
 
By using E2 as the reference standard (EEQ = 1) the measured EEQs for E1, E3, EE2, and 
NPs were 0.95, 0.010, 1.81, and 0.00038 respectively and are within the range of values  
found in the literature (Céspedes et al., 2004, Pawlowski et al., 2004, Routledge and 
Sumpter, 1996, Routledge and Sumpter, 1997, Tanaka et al., 2001) for all but E1, whose 
EEQ was slightly higher than previously reported.  Additional tests (data shown in Appendix 
B, Figure B-2) revealed no deviation from additivity when E2 was plated as a mixture with 
E1, E3, or NPs.  The EEQ values for each analyte where then individually used to correct the 
instrumental data as follows:   
Σ Calculated YES Response = 0.95 × [E1] + 1 × [E2] + 0.010 × [E3] + 1.81 × [EE2] + 
0.00038 × [NPs] 
with all concentrations represented as ng/L.  The calculated YES response data are 
summarized in Table 3-1.   
The total estrogenicity measured with the YES assay provides a stark contrast from the 
concentrations of individual analytes measured by the instrumental/isotopic dilution method.  
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In all cases the total estrogenicity measured by the YES assay (as EEQ in ng/L) of the 
samples are much lower than that calculated from the measured concentrations of estrogens 
and NPs, though there is reasonable correlation between removal of specific analytes after 
aerobic treatment and reduction in total estrogenicity.  To account for this difference, several 
hypotheses have been described in the literature pertaining to the presence of agonists or 
antagonists which would correspondingly elevate or depress the YES response (Céspedes et 
al., 2004, Pawlowski et al., 2004).  While these hypotheses are valid and may explain several 
of the anomalies in this data set, a simpler explanation that has not been previously 
demonstrated stems from the lack of process accounting for recovery in the extraction, work-
up, and analysis in the YES assay, unlike instrumental analyses using added isotopic dilution 
standards for this purpose.  As such, if the true recovery from the SPE method were only 
80% as measured by instrumental methods, for example, then one would expect to observe a 
20% decrease in the YES response.  Therefore, for each set of samples extracted and 
analyzed by instrumental analysis, the absolute recovery of the deuterated standards from the 
matrix was calculated by normalizing the area response of the deuterated standard to the area 
response of HCB, averaging the normalized response for the calibration standards, and then 
dividing the normalized response from the sample extract by the normalized calibration 
response: 
%100
Area HCB
IDSArea 
Area HCB
IDSArea 
  (%) Recovery Absolute
standardsolvent 
standardsolvent 
matrix
matrix
×
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
=  
 
The absolute recovery from each matrix was then used to adjust the calculated YES response 
by multiplying each term of the calculated YES equation by the appropriate fractional 
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recovery.  By performing such a calculation the mechanisms which account for recovery in 
isotope dilutions are negated, giving a clearer picture of what might be happening during 
SPE for the YES assay.  The recovery-adjusted responses are summarized in Table 3-1 
together with the actual YES response as measured by the YES assay and the associated 95% 
confidence interval (CI) for each data point.  Data and sample calculations from System 2 are 
shown in Appendix B, Table B-5. 
The recovery-adjusted calculated YES responses are in much better agreement with the 
YES-derived data than the un-corrected calculated YES responses.  Calculated responses of 
extracts from the heavily matrix impacted sampling locations (e.g., main tank and pump tank 
samples) generally fall within the 95% confidence interval of the actual YES data with the 
exception of System 1.  However, in the sample extracts from the sand filters and advanced 
stages of pretreatment the agreement is off by an order of magnitude or more in most cases, 
though this still is an improvement over the uncorrected data.  An attempt was made at using 
standard addition to account for discrepancies between YES data and instrumental analysis 
whereby four 500 mL aliquots of aqueous sample were spiked at 0, 10, 50, and 100 ng/L E2 
and extracted and analyzed as outlined in the YES methods.  Samples collected for the 
experiment were from the aerobic wetland of System 1.  A suppressed response (7.11 ng/L 
measured vs. approximately 12 ng/L expected) in the low-concentration extracts and a 
corresponding deviation from linearity was observed as shown in Figure 3-4.  While the 
response of the YES assay to dilutions of pure E2 standards is linear over a range of 3 or 
more orders of magnitude, the assay deviated from linearity and expected response in low-
concentration, matrix-impacted samples.  Such effects could be explained by the presence of 
an estrogen receptor antagonist which would inhibit binding and would be most pronounced  
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Σ Calculated 
YES 
Response 
(ng/L) 
Σ Recovery-
Corrected 
YES 
Response* 
(ng/L) 
Actual 
YES 
Response 
(ng/L) 
95% 
Confidence 
(+/-) on 
YES Data 
System 1 (03/07)     
Main Tank 140 30 2.8 2.0 
Pump Tank 180 83 23 6.8 
Wetland 1/2 9.2 2.2 0.10 0.35 
Post Wetland 27 16 1.2 0.04 
Post Greenhouse 7.2 1.8 0.063 1.8 
     
System 1 (09/07)     
Main Tank 770 89 40 25 
Pump Tank 400 110 210 60 
Wetland 1/2 100 8.0 2.0 0.74 
Post Wetland 10 3.4 0.33 0.84 
Post Greenhouse 24 12 0.07 0.05 
     
System 2     
Main Tank 230 74 86 29 
Pump Tank 1 320 92 80 14 
Primary Sand Filter 7.1 2.5 0.54 0.36 
Recirc. Sand Filter 5.8 2.5 0.39 0.08 
Post UV/Discharge 4.0 2.5 0.40 0.05 
Downstream 34 23 0.48 0.34 
Upstream 34 25 0.86 0.46 
     
System 3     
Main Tank Effluent 160 58 96 34 
Post Anaerobic Wetland 150 64 66 43 
Post Aerobic Wetland 13 6.4 0.30 0.1 
     
System 4      
Main Tank 1 130 79 60 17 
Main Tank 2 130 59 65 22 
Pump Tank A 150 59 47 24 
Post Sand Filter 10 0.32 0.40 0.29 
     
System 5     
Main Tank 120 54 93 61 
Pump Tank 1 190 79 89 60 
Pump Tank 2 170 84 139 61 
 
Table 3-1:  Calculated and recovery-corrected data from individual analyte measurements compared with 
actual YES assay data obtained from septic samples.  *Sample calculations for System 2 are shown in Appendix 
B, Table B-5. 
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at low concentrations of estrogen and estrogen-mimicking compounds.  The strain of yeast 
used for this assay has been shown to be highly selective towards estrogenic compounds and 
non-responsive to androgens (e.g., testosterone) (Sohoni and Sumpter, 1998), but natural and 
synthetic estrogen receptor antagonists (e.g., tamoxifen, cohosh extract, pyrethoids) have 
been shown decrease assay response to E2 (Routledge and Sumpter, 1997, Sohoni and 
Sumpter, 1998, Tyler et al., 2000, Zierau et al., 2002).  Additionally, octyphenols have been 
shown to have a negative impact on receptor response when in mixtures with NPs (Rajapakse 
et al., 2004).  If either of these were indeed the case, then the presence of a receptor 
antagonist would explain the low response of the YES assay of the aerobic wetland and 
aerobic sand filter extracts shown in Table 3-1.    
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Figure 3-4:  Standard addition on System 1, aerobic wetland samples by YES assay. 
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A 2005 study indicated that colloidal organic carbon present in waste waters could 
negatively impact the YES assay, especially at low concentrations of analytes (Holbrook et 
al., 2005).  Such evidence could provide a better explanation of the standard addition non-
linearity than the antagonism discussed previously.  If colloidal organic carbon were the main 
interferent (either in the pre-extraction aqueous matrix or in the final extract) then one would 
expect that at lower concentrations of E2 there would be a greater percentage of the spike 
associated with the colloidal carbon.  If the E2 present were bound up with the colloids and 
were unavailable to the hER-transfected yeast, then a lower-than-expected response would be 
observed.  At higher concentrations of E2, the binding sites would become saturated and a 
corresponding increase in YES response could be expected.   
Neither the antagonist explanation nor the colloidal organic matter explanation is able to 
account for the YES assay response of more than 30% over the expected value at the highest 
spike level (100 ng/L).  A follow-up experiment whereby the extracts (as opposed to spiking 
the aqueous samples in the standard addition test) were spiked with an equivalent of 8 ng/L 
E2 showed a similar trend, indicating that the observation was not likely a recovery-based 
phenomenon (Table 3-2).  While the decreased response was not evident in the Post Aerobic 
Sand Filter sample (low TOC), the heavily matrix-impacted samples (e.g., “Main Tank” and 
“Pump Tank 1” in Table 3-2) showed a response that was elevated above what would be 
expected given the addition of 8 ng/L E2. 
Both the colloidal carbon and the antagonist hypotheses provide possible insight into 
deviations from expected behavior within the YES assay, though further experimentation  
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Background 
E2 Equivalent 
Concentration 
(ng/L) 
95 % 
Confidence 
Interval (+/-) 
Concentration 
of E2 Added 
(ng/L) 
Spiked E2 
Equivalent 
Concentration 
(ng/L) 
95 % 
Confidence 
Interval (+/-) 
Main Tank 86 29 8 105 43 
Pump Tank 80 14 8 150 80 
Post Aerobic 
Sand Filter 0.39 0.076 8 7.8 2.7 
EtOH 0 n/a 8 11 2.6 
 
Table 3-2:  YES assay results from spiking extracts of septic tank effluent with E2.  “Equivalent 
Concentration” refers to the E2 equivalents measured in the extract but back calculated to the concentration in 
500 mL aqueous sample prior to extraction. 
 
 
would be required to verify this and neither explanation is completely satisfactory with 
respect to the elevated response in the high TOC samples.  With respect to the observed YES 
response in the septic system samples, both hypotheses, again, could account for the lower-
than-expected response even after correction, though with the high TOC concentrations 
found in septic system samples the role colloidal organic carbon plays could be a major 
factor.  Furthermore, not all estrogenic substances were analyzed in this study.  While steroid 
estrogens have been implicated as a major component of estrogenic activity in wastewaters, 
perhaps making up 40% or more of the total estrogenic activity (Snyder et al., 2001), there is 
a suite of other compounds with documented estrogenic activity (e.g., bisphenol-A, other 
plasticizers, personal care products) that were not analyzed in this study but may contribute 
to overall estrogenicity as measured by the YES assay.  If these compounds were taken into 
consideration, the estimated YES response could be even higher than the value calculated for 
this study.  Even though the recovery-adjusted approach outlined in this chapter provides 
some insight into observed discrepancies between the YES assay and instrumental data, there 
are clearly other interferences which impact the assay response.  The next appropriate 
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question to ask, then, is whether the instrumental data or the bioassay data provide the best 
prediction of environmental effects. 
 
3.4 Concluding Remarks 
   
The YES assay showed reasonable correlation of trends with the individual analyte 
concentrations measured by instrumental analysis.  However, without the information 
gathered from the instrumental analysis, the assay would have provided an even greater 
underestimation of total estrogenic activity concentration relative to the calculated response 
from isotopic dilution data.  While the assay is a good tool for monitoring trends through 
systems, it has fallen short in its ability to be a stand-alone predictor of estrogen 
concentration without a combined instrumental and bioassay approach.  It is worth asking the 
question in future studies investigating the impact of EASs on wildlife species whether the 
actual concentration of analytes in a given test matrix or the estrogenic activity as measured 
by a bioassay such as the YES is a better predictor of outcomes.  Additional investigation 
into the low-dose antagonism hypothesized in this study should be carried out in order to 
better understand the implications for continued environmental monitoring.  With such 
information in hand, researchers could, with more confidence, decide upon a given technique 
(instrumental analysis or bioassay monitoring) for relating dose-response effects for in vivo 
experiments and wildlife observations. 
 
In examining the data from all five systems tested, the presence of aerobic sand 
filters/wetlands for pretreatment of waste improved the quality of the effluent (as measured 
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by TOC, NH3-N, BOD, etc.), reduced the concentration of steroid estrogens and NPs, and 
reduced the total estrogenicity.  For systems such as System 5, where no advanced stages of 
pretreatment were used, one must consider the impact a high estrogenic activity, high TOC, 
and high EAS concentration wastewater may have on local soil and groundwater quality, 
especially in areas with sandy soils and/or shallow groundwater tables.  Evidence reported in 
the literature has shown measurable concentrations of estrogens and NPs in groundwater 
plumes from traditional septic systems (Conn et al., 2006, Reddy et al., 2004, Rudel et al., 
1998, Swartz et al., 2006).  Colloidal organic matter (correlated with TOC concentration) has 
been shown to impact the partitioning of steroid estrogens to soils and sediments (Bowman et 
al., 2002, Holbrook et al., 2003, 2004, Yamamoto and Liljestrand, 2003, Zhou et al., 2007) 
and loading of wastewater onto soils can also negatively impact the hydraulic conductivity of 
the soil (Amoozegar, 1998).  All of the systems in this study had significantly higher TOC 
levels in the main tank and pump tank samples than those found after aerobic filtration 
processes.  Given that most septic systems directly discharge main tank effluent into the soil 
environment, even further concern should be raised about the potential for groundwater 
contamination from septic systems with no additional aerobic pretreatment options.  While 
groundwater monitoring wells were not available at Systems 1, 2, and 3 and those available 
at System 4 and 5 were dry during the period of sampling, evidence from previous studies 
monitoring groundwater near septic systems clearly points to the potential for groundwater 
contamination from septic systems.  Having the additional stages of pretreatment may also 
reduce the clogging and change in soil hydraulic characteristics which can lead to system 
failure and subsequent runoff of untreated waste with high concentrations of EASs and 
pathogens. Given the evidence generated in this study pertaining to the efficacy of aerobic 
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pretreatment for removing EASs, an argument can be made for the need for advanced 
pretreatment options which include aerobic filtration units for the removal of steroid 
estrogens, NPs, and estrogenic activity to protect groundwater quality and surface runoff.     
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Chapter 4: The Impact of Co-Contaminants and Septic System Effluent 
Quality on the Transport of Estrogens and Nonylphenols through Soil 
  
4.1 Introduction  
 
Several studies as well as data presented in Chapter 2 have indicated that endocrine active 
substances (EASs) such as steroid estrogens, plasticizers, alkyl phenol ethoxylates, alkyl 
phenols, and other organic wastewater contaminants (OWCs) may be found in septic tanks 
and septic tank effluents at concentrations at or above levels reported to have adverse impacts 
on benthic, aquatic, and terrestrial organisms (Conn et al., 2006, D'Ascenzo et al., 2003, 
Rudel et al., 1998, Stanford and Weinberg, 2006, 2007, Swartz et al., 2006).  With septic 
systems in use in all 50 states of the U.S.A. and being the primary wastewater treatment 
option for residents of rural communities or communities without access to centralized 
wastewater treatment plants (EPA, 2002), the impact that such systems have on groundwater 
and surface water quality needs to be better understood.   
Endocrine active substances such as estrone (E1), 17β-estradiol (E2), estriol (E3), and 
nonylphenols (NPs) have been shown to have harmful effects on the environment (Balch and 
Metcalfe, 2006, Jontofsohn et al., 2002, Teles et al., 2004) and are of particular interest in 
wastewater because of their ubiquity, high endocrine activity at low concentrations, and, in 
the case of NPs, their occurrence resulting  from the biodegradation of widely used 
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alkylphenol polyethoxylate (APEO) detergents.  The aforementioned contaminants as well as 
others have been found in groundwater or effluent plumes (Peterson et al., 2000, Sacher et 
al., 2001, Swartz et al., 2006), lending evidence to the hypothesized facilitated transport of 
such compounds through soil-water environments.  These effects from contaminated 
wastewater plumes may be especially pronounced in areas with shallow groundwater and/or 
where sandy soils allow for rapid percolation of septic effluent to the groundwater.   
While some laboratory batch studies indicate rapid sorption to soil organic matter or 
degradation by soil microorganisms (Casey et al., 2005, Colucci et al., 2001, Conroy et al., 
2005, Das et al., 2004, Lee et al., 2003, Pignatello et al., 2006), the presence of OWCs in 
groundwater indicates that there may be other mechanisms influencing fate and transport 
besides sorption and degradation.  The presence of colloids in water has been shown to 
change the solid-water distribution and partitioning of steroid estrogens such that the 
compounds may spend more time in the dissolved or aqueous phases (Holbrook et al., 2004, 
Holbrook et al., 2005, Lai et al., 2000, Yamamoto and Liljestrand, 2003, Zhou et al., 2007), 
thereby providing a potential mechanism for facilitated transport.  Surfactants have likewise 
been shown to impact the partitioning of estrogens and other compounds in soil-water 
environments (Bowman et al., 2002, Hari et al., 2005, Sanchez-Camazano M. et al., 1995).   
However, some evidence indicates that surfactants may preferentially bind to partially 
charged sites on soils (Brownawell et al., 1997), hypothetically providing extra binding sites 
for hydrophobic compounds in soils with low organic matter.  Additionally, the amount of 
oxygen available to microorganisms has been shown to impact their ability to degrade EASs.  
For example, rapid biodegradation of steroid estrogens has been indicated in several studies 
(Colucci et al., 2001, Colucci and Topp, 2001, Das et al., 2004, Lee et al., 2003, Mansell and 
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Drewes, 2004) and is likely due to aerobic degradation (Mansell and Drewes, 2004) although 
E2 may be more labile in anaerobic environments (Ying et al., 2003).  One batch study 
showed half lives for the hormones in a variety of soils ranging from 3 to 9.5 days, with 
corresponding increases of an estrone metabolite presence (Lee et al., 2003), though a second 
study showed that NPs would remain unchanged in soil for at least 70 days under both 
aerobic and anaerobic conditions (Ying et al., 2003).  Such contradictory results indicate the 
need to comprehensively study the impact that co-contaminants and overall effluent quality 
may have on the fate and transport of steroid estrogens and NPs from septic systems and 
through soil-water environments. 
In order to answer these questions a series of batch and column studies were employed to 
meet the following objectives:  (1) To quantify the impact that NPs and APEO surfactants 
have on the partitioning coefficients and rate of transport of steroid estrogens through soil-
water systems; (2) to quantify the impact that septic system effluent quality (based on total 
organic carbon, “TOC”) has on the partitioning coefficients and rate of transport of E2 and 
NPs in soil-water systems; (3) to examine the impact of biodegradation on transport 
processes; and (4) to use a combination of instrumental analysis and yeast estrogen screen 
(YES) assay to relate the breakthrough of analytes in soil columns with breakthrough of total 
estrogenicity.  
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4.2 Experimental Section. 
Materials   
Acetonitrile (ACN, Optima HPLC grade) and methanol (MeOH, HPLC grade) were 
purchased from Fisher Scientific (Pittsburgh, PA); acetone (HPLC grade) from Burdick and 
Jackson (Morristown, NJ); methyl tert-butyl ether (MtBE, Ultra-Resi Analyzed grade) from 
J.T. Baker (Phillipsburg, NJ); hexane (95%+, HPLC grade) from Sigma-Aldrich (St. Louis, 
MO); N,O-Bis(trimethylsilyl)-trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane 
(TMCS) from Supelco (Sigma-Aldrich); CaCl2·2H2O from Mallinckrodt Baker, Inc, Paris, 
KY); and MgSO4·7H2O from EM Science (Gibbstown, NJ) .  Laboratory grade water (LGW) 
was prepared in-house from a Pure Water Solutions (Hillsborough, NC) system which pre-
filters inlet 7 MΩ deionized water to 1µm, removes residual disinfectants, reduces total 
organic carbon to less than 0.2 mg/L with an activated carbon resin, and removes ions to 18 
MΩ with mixed bed ion-exchange resins.  Neat standards of estrone (E1), 17-β estradiol 
(E2), estriol (E3), and hexachlorobenzene (HCB) were purchased from Sigma-Aldrich and 
were all >98% pure. Technical grade nonylphenol (mixtures of isomers, hereafter designated 
as “NPs”) was purchased from Acros Organics (Geel, Belgium) and is 99% pure, though the 
isomers are uncharacterized.  A characterized surfactant, Surfonic-N40 (SN40) was a gift 
from the Alkylphenol Ethoxylates Research Council (APERC, Washington, DC).  Isotope 
dilution standards (IDS) 17β-estradiol-2,4,16,16-d4 (E2-d4), and 4-n-nonylphenol-2,3,5,6-d4 
(NP-d4) were purchased from C/D/N Isotopes (Quebec, Canada) and were both 99% pure.  
All materials used for the YES assay have been described in Chapter 3.  All stock solutions 
were prepared from neat standards in acetonitrile (except E3 which was dissolved in 
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Acetone:ACN 1:1) at concentrations of 1 g/L and kept for up to 6 months.  Fresh working 
solutions of 10 mg/L were prepared monthly.   
The two soils used in this study (Georgeville B and Vance Sandy Loam) were supplied 
by landowners in Orange and Chatham Counties, NC.  Soils were collected from disturbed 
agricultural areas with a history of significant topsoil erosion.  Collection of the soils 
involved removal of the top 5 to 10 cm of grass and surface detritus in order to reach the A 
horizon.  Soils were sampled by digging 20 to 30 cm below the surface and collecting the 
entire depth profile with the use of a garden shovel.  Samples were air-dried for at least 24 
hours and then homogenized by mixing and passing them through a 2-mm sieve (Newark 
Wire Cloth Co., Clifton, NJ) before storing at room temperature in sealed Ziploc ® bags.  
Textural analysis and organic matter content were determined as per standard methods for 
soil analysis (Klute, 1986).  The Georgeville B type soil (hereafter “Orange 2”) contained 23 
% Clay, 51% silt, 21 % sand, and had an organic matter content of 11.7%.  The Vance Sandy 
Loam soil (hereafter “Chatham”) contained 10% clay, 18% silt, and 72% sand and had an 
organic matter content of 3.9%.  Complete physical and chemical characterization data can 
be found in Appendix A.  Ottawa Sand (-50 + 70 mesh, Sigma-Aldrich) was used as 
additional packing material in the column studies.  For experiments where biological activity 
was controlled, soils and sand were autoclaved in glass vessels for 60 minutes at 110 °C and 
then stored at room temperature.  Autoclaving was the sole aseptic technique employed to 
ensure sterility. 
Septic system effluents used for this study were collected from residential, school, and 
office locations in Orange, Chatham, and Wake Counties, NC.  Prior to use in batch or 
column studies, effluents were autoclaved for 60 minutes at 110°C, filtered through 
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Whatman (Florham Park, NJ) 934-AH glass fiber filters (1.5 µm), and then stored in sterile 
amber bottles at 4 °C in the dark.  At the time of use for batch or column studies, a portion of 
the effluent was taken for total organic carbon (TOC) and total nitrogen (TN) analysis using 
a Shimadzu TOC-V and TNM-1 analyzer (Shimadzu Scientific Instruments, Columbia, MD).    
 
Batch Isotherm Experiments    
Batch isotherms were used to determine the impact of co-contaminants and septic system 
effluent quality on soil-water partitioning coefficients.  Soils were weighed in 1 g (+/- 0.05 g) 
aliquots into 40 mL acid-washed amber vials.  Dilutions of 1 g/L stock or 10 mg/L working 
solutions were used to create aqueous solutions of analytes at 5, 10, 50, 100, 250, and 500 
µg/L in 0.005 M CaCl2.  The CaCl2 was used to assist with maintaining soil structure (Lee et 
al., 2003, Li, 1999).  In the case where septic tank effluents were used, CaCl2•2H2O was 
added in the same quantity that was added to the LGW/CaCl2 solutions as if there were no 
background Ca+2 or Cl- ions in solution.  Nonylphenols were tested at slightly higher 
concentrations of 25, 50, 100, 250, 500, and 1000 µg/L in order to account for different 
instrumental limits of detection.  Aliquots (20 mL) of the appropriate aqueous solution were 
mixed with soil samples in duplicate 40 mL acid-washed amber vials and then capped and 
placed on an orbital shaker table at 315 RPM for 3 days in a controlled 20 ºC room.  
Equilibration times were conservatively chosen based on ranges of time reported in the 
literature to reach equilibrium.  Isotherm quality controls included a soil/equilibration 
solution blank, a vial with the background CaCl2/LGW or CaCl2/septic system effluent, and a 
vial with the background solution plus analyte at the mid concentration (100 µg/L for 
estrogens, 250 ng/L for NPs).  The concentration of analyte in the vial with CaCl2 was 
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measured using isotope dilution with the rest of the isotherm samples to test the recovery and 
validity of the technique for each isotherm.   
After 3 days of constant mixing, samples were centrifuged for 10 minutes at 1800 RPM.  
The aqueous layer was removed, placed into a separate 40 mL amber vial for extraction and 
spiked prior to extraction with 20 µL of a 10 mg/L working solution of IDS (E2-d4 for the 
estrogens; NP-d4 for the NPs).  .  The soil vials were re-weighed to determine the mass of 
residual water and then spiked with the same working solution of IDS as the aqueous 
samples.  Aqueous layers were extracted by the addition of 5 mL MtBE and approximately 1 
to 2 g MgSO4 to salt out nonpolar organics, followed by one minute of vigorous shaking.  
The MtBE layer was then transferred to a 10 mL conical glass vial, blown down to dryness 
under N2, and kept aside for derivatization and analysis using isotope dilution as outlined in 
Chapter 2.  The extraction of  analytes from the soil layer utilized multiple steps:  10 mL of 
ACN were added to each vial which was vortexed and then sonicated 1 hour in an ultrasonic 
bath.  Vials were removed and centrifuged at 2000 RPM for 10 minutes.  The supernatant 
was then transferred into a 250 mL bottle that was pre-filled with 200 mL LGW.  The bottles 
were capped with open tops and Teflon-lined septa , shaken, and then extracted by solid-
phase extraction (SPE) as follows:  Strata-X SPE cartridges (Phenomenex, Torrance, CA) 
were pre-conditioned with successive washes of 4 mL MtBE, 4 mL MeOH, and LGW.  
Samples were extracted at a flow rate of 5 to 10 mL/min.  After extraction, each cartridge 
was rinsed with 5 mL LGW and then allowed to dry under vacuum for 1 hour.  The 
cartridges were then eluted into 10 mL conical glass vials with 5 mL of 90:10 MtBE:MeOH 
(Waters_Corporation, 2002) as described in Chapter 2.  The final soil/SPE eluates were 
blown down to dryness under N2 and then derivatized together with the aqueous extracts.  
110 
 
Derivatization, quenching, instrumental analysis by gas chromatography with mass 
spectrometry (GC/MS, full scan mode, Varian Saturn 2000 ion trap), and quantitation by 
isotope dilution follow the methods outlined in Chapter 2. 
 
 
Column Transport Experiments   
Column studies were used to measure breakthrough, changes in retardation, and whether 
the trends observed under equilibrium conditions in the batch studies would still occur under 
non-equilibrium conditions such as during transport through soils.  Several approaches were 
tested in order to measure breakthrough and degradation in packed soil columns.  In order to 
obtain complete breakthrough in a reasonable time frame, an approach similar to a previous 
study (Das et al., 2004) was employed;  stainless steel columns, 5 cm diameter by 5 cm 
length, were fitted with corrosion-resistant aluminum end caps containing seated o-rings and 
HPLC tubing connectors.  Coarsely woven fiberglass matting (Bondo, Atlanta, GA) was cut 
to size and placed inside each end cap to prevent clogging of the inlet and outlet ports.  
Approximately 2 cm of Ottawa Sand was uniformly packed into the column followed by 24.3 
g of Chatham soil (same mass for each column, approximately 1 cm of column length) and 
then again approximately 2 cm of Ottawa Sand to fill the remaining column volume. The 
exact mass of sand, soil, fiberglass, and column hardware used was recorded during the 
packing process.  Packed columns were attached to a Waters 501 HPLC pump (Waters 
Corporation, Milford, MA), slowly wetted from the bottom up with 0.005 M CaCl2 
background solution at a flow rate of 0.2 mL/min, and allowed to equilibrate for 16 to 24 
hours.  The choice of flow rate was based upon the physical constraints of the HPLC pump 
used, reducing the amount of time associated with achieving complete breakthrough, and 
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mimicking a dosing regime used by one of the septic systems (System 2) described in 
Chapter 3.  In the primary sand filter, the dosing of septic effluent was 19 L/min at a 
maximum daily usage over a 1.62 x 106 cm2 surface, equating to a flux of 0.012 cm/min.  
Extrapolating this to a 5 cm diameter column, the flow rate should be 0.23 mL/min, which is 
very close to the measured pump flow rate of 0.21 mL/min.   
For column experiments examining competitive sorption or effects of septic effluent 
quality, the equilibration background solution containing the appropriate matrix (e.g., septic 
tank effluent, LGW/surfactant, LGW alone) was adjusted with 0.005 M CaCl2.  At the end of 
the equilibration period using the same matrix, the background solution was switched to 0.01 
M CaCl2 and 100 µg/L E2 (and/or NPs) and was allowed to continue flow at 0.2 mL/min.  
For competitive transport studies, sterile septic tank effluent, NPs (1000 µg/L), or SN40 
(1000 µg/L as NP3EO) were used as the background solution with CaCl2 added at 0.005 M 
or 0.01 M.  A Foxy fraction collector (Teledyne Isco, Lincoln, NE) was used to collect 15 
mL fractions of the column effluent in 8 dram (approximately 26 mL) amber vials for the 
duration of the experiment.  At the end of collection, the column was re-weighed to 
determine the mass of water associated with one columnar pore volume.  A diagram of the 
soil column setup can be found in Appendix C, Figure C-1. 
Breakthrough curves were monitored for each analyte as well as for the chloride tracer.  
An Orion Research Expandable ionAnalyzer EA940 (Thermo Fisher Scientific, Waltham, 
MA) with a chloride specific electrode was used to monitor for Cl- breakthrough immediately 
after stopping column flow.  Breakthrough of total estrogenicity as measured by the YES 
assay, was monitored by removing100 µL of aqueous sample from each fraction vial to 2 mL 
amber autosampler vials and storing at 4 °C until analysis within 2 to 7 days.  The YES assay 
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procedures followed those outlined in Chapter 3 except that all samples and E2 reference 
standards were plated in an aqueous matrix, diluted with minimal medium, and skipping the 
solvent evaporation step.  After measuring chloride concentration and removing the aliquots 
for YES assay analysis, samples were spiked with the IDS mixture and extracted and 
analyzed in the same manner as the aqueous phase as described in the batch studies. 
 
Quality Assurance/Quality Control   
QA/QC measures included the analysis (chloride, YES, and GC/MS) of un-spiked 
equilibration solutions and analyte-spiked background solutions, positive identification of 
analytes by monitoring quantitation and qualifier ion ratios during GC/MS analysis in full 
scan mode, rejecting chromatographic peaks with a signal to noise ratio of less than 10, and 
monitoring the area response of HCB in full scan mode during GC/MS analysis.  The QA/QC 
measured were used to flag and remove data points that fell outside of  ± 1 standard deviation 
from the average HCB response for the instrumental run.  Additionally, all QA/QC 
guidelines described in Chapter 2 were followed using quantitation by isotope dilution as a 
reliable, precise, and accurate technique for the analysis of steroid estrogens and NPs in 
multiple matrices.  Finally, to account for interconversion of analytes (E1, E2, and E3), 
breakthrough data represents the sum of E1, E2, and E3 measured in each sample. 
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4.3 Results 
 
 
Control of Biotransformation and QA/QC  
Early experiments showed that equilibrating E1 or E2 with non-sterile soil resulted in the 
interconversion to E2 or E1, respectively, while E3 showed no interconversion.  The addition 
of sodium azide did not stop the interconversion process as indicated in other studies 
(Mansell and Drewes, 2004, Yu and Huang, 2005) but sterilizing the soil for one 60 minute 
cycle at 110°C reduced the effect completely in the batch isotherms, though the soil columns 
still showed some interconversion. Manganese oxides have been implicated in the conversion 
of E2 to E1 in sterile environments (Park and Sheng, 2005) and could explain some of the 
residual activity observed after autoclaving.  Tyndallization was not used to remove spores 
and possibly further halt interconversion in order to decrease the impact repeated autoclaving 
might have on soil properties (Powlson and Jenkinson, 1976).  To account for 
interconversion, the measured concentration of E1 and E2 were summed for all column 
experiments.  Breakthrough curves in the sterilized soil columns reached maximum C/C0 
values in the range 0.85 to 1.17.  In the analysis of triplicate aliquots of E2-spiked 
background solutions, the data were reproducible within less than 2% RSD and were within 
± 16% of the expected (spiked) concentration.  While the reproducibility was excellent, the 
accuracy of ± 16% can impact interpretations of maximum breakthrough concentrations in 
column experiments. 
 
Batch Isotherm Experiments   
Data analysis for the batch isotherms involved the plotting of log-transformed 
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concentration of the analytes in water (Cw, µg/L) against log-transformed concentration of 
the analytes in soil (Cs, µg/kg) followed by performing a linear regression of the data based 
on the assumed non-linear Freundlich partitioning coefficient (KF) using Equations 1 and 2: 
 
     nWFS CKC =     (Eq. 1) 
or 
      FWS KCnC logloglog +=    (Eq. 2) 
   
By using a Freundlich isotherm model, no a priori assumptions about linearity were 
necessary as linear data could be revealed if the value of the coefficient n was 1 while non-
linear data would be shown as a deviation of n from this value.  SigmaPlot 9.0 was used to 
perform regression analysis of the log-transformed data.  The organic carbon-normalized 
partitioning coefficient (log KOC) values were also calculated based on normalizing the KF 
values to the fraction of organic matter for each soil tested [fOM = 0.12 (Orange 2 soil) and 
0.039 (Chatham soil)] using Equations 3 and 4.   
 
     
sample soil of mass
matter organic mass=OMf    (Eq.3) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
OM
F
OC f
KK loglog      (Eq. 4) 
Table 4-1 summarizes the KF, KOC, and 95% confidence intervals associated with the data 
from each of the isotherm experiments. 
As seen from this data for the Orange 2 isotherms, the partitioning behaviors of each of 
the three compounds did not differ significantly when NPs were included in the system (p > 
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0.1 for each n and KF value).  Based on this evidence, it was concluded that NPs would not 
noticeably affect the partitioning of the steroid estrogens for the given range of 
concentrations tested.  The log KOC values for all of the analytes are within the range of 
values reported in the literature (Campbell et al., 2006), though the values are on the low end 
of the range.  This could be partially explained by the use of autoclaved soils and/or by the 
use of a relatively high organic content soil.  Most isotherm studies have used soils with 
organic content between 0.5 and 2.5% while the soil used for this study was 12%.  In the case  
 
 log KF 
+/- 95% 
Confidence n 
+/- 95% 
Confidence log KOC 
Orange 2 Soil      
E1 Alone 1.80 0.18 0.88 0.09 2.72 
E1 + NP @ 100 µg/L 1.76 0.17 0.89 0.10 2.68 
      
E2 Alone 1.66 0.13 0.90 0.09 2.58 
E2 + NP @ 100 µg/L 1.62 0.09 0.99 0.06 2.54 
      
E3 Alone 1.24 0.10 0.90 0.06 2.16 
E3 + NP @ 100 µg/L 1.26 0.06 0.87 0.04 2.18 
      
NP Alone 2.12 0.13 1.37 0.13 3.04 
      
Chatham Soil           
E2 Alone 1.73 0.059 0.89 0.04 3.14 
E2 + SN40 1.65 0.079 0.89 0.05 3.05 
E2 in 6.3 mg/L TOC Effluent 1.55 0.060 0.93 0.05 2.96 
E2 in LGW, Multi-wash 1.54 0.031 0.89 0.02 2.95 
E2 in 23 mg/L TOC Effluent 1.49 0.044 0.92 0.03 2.90 
E2 in 59 mg/L TOC Effluent 1.49 0.047 0.91 0.03 2.90 
E2 + SN40 Multi-wash 1.45 0.055 0.91 0.03 2.86 
E2 in 88 mg/L TOC Effluent 1.42 0.116 0.92 0.08 2.82 
      
NPs in 6.3 mg/L TOC Effluent 2.04 0.345 1.25 0.31 3.45 
NPs in 23 mg/L TOC Effluent 1.27 0.399 1.98 0.43 2.68 
NPs in 88 mg/L TOC Effluent 0.85 0.597 1.99 0.53 2.26 
NPs in 59 mg/L Effluent 0.71 0.804 2.03 0.58 2.12 
      
Table 4-1:  Summary of data from batch isotherm experiments.  Units for KF are L/kg.  KOC values have 
been normalized to fOM for each soil type.  Each value was obtained from the linear regression of 14 to 16 
data points across a range of concentrations from zero to 500 µg/L. 
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of the low organic soils, other binding mechanisms not accounted for by OM could bias the 
results towards higher calculated KOC values if OM is assumed to be the only dominant 
sorption mechanism (Equation 4).   
A second set of isotherm experiments was carried out using the Chatham soil with 3.9% 
organic matter.  For the Chatham soil experiments E2, being the most potent of the three 
estrogens tested (as measured by the YES assay in Chapter 2) and having a log KOC value 
between that of E1 and E3, was chosen as the model compound for further batch and column 
studies.  Using this soil with lower organic matter than Orange 2, the observed log KF for E2 
alone was not significantly different from that observed in the Orange 2 soil, but the 
normalized log KOC value was more consistent with the values reported in the literature.  The 
NPs were not tested in competition with E2 because of the lack of competition between NPs 
and the estrogens observed in the Orange 2 soil.  Instead, a decision was made to focus on the 
role of NPEO surfactants as co-contaminants and total effluent quality in this lower organic 
carbon soil.   
 
Impact of NPEO Surfactant on Partitioning Behavior   
The NPEO surfactant used for the competition study was a mixture of ethoxylate 
oligomers with the distribution shown in Table 4-2, as reported by APERC.  The 
concentration of 1000 µg/L as nonylphenol triethoxylate (NP3EO) was chosen based on 
concentrations of surfactants likely to be found in septic systems reported elsewhere in the 
literature (up to 11 mg/L as the sum of ethoxylate groups and up to 2300 µg/L as NP3EO) 
(Rudel et al., 1998) and is well below the critical micelle concentration of 42 mg/L (Brix et 
al., 2001).  When E2 was equilibrated with SN40, a slight decrease in KF was observed 
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Oligomer 
Distribution (% 
Area) 
1 EO  4.23 
2 EO  18.90 
3 EO  25.69 
4 EO  21.62 
5 EO  13.29 
6 EO  7.67 
7 EO  4.03 
8 EO  2.18 
9 EO  1.16 
10 EO  0.61 
11 EO  0.31 
12 EO  0.16 
13 EO  0.08 
14 EO  0.05 
15 EO  0.02 
 
Table 4-2:  Ethoxylate oligomer distribution as percent area for Surfonic-N40 (SN40) nonionic surfactant.  
Total nonylphenol composition was 301 ppm as ortho-NP and 3220 ppm as para-NP.  Surfactant 
characterization was provided by APERC. 
 
 
(though statistically insignificant based on 95% confidence intervals).  However, soils in 
contact with septic effluent are continually exposed to surfactants and other wastewater 
contaminants which could potentially impact the sorptive capacity of the soil.  To address the 
impact of continuous exposure to surfactants a second experiment with the same setup 
described in the methods, was carried out but using three successive equilibrations with the 
SN40 background solution (no E2 added; batch vials were centrifuged after each 3 day 
equilibration period and the SN40 solution was decanted), followed by equilibration with the 
spiked E2/SN40 solution.  A control experiment was run simultaneously without any 
surfactant by using the LGW/CaCl2 solution in the background to determine whether any 
observed effects were from the experimental procedures or from the effect of decanting.  The 
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log KF values are summarized in Table 4–1 while a graphical representation of the SN40 
experiments is shown in Figure 4–1.  Both the LGW control and SN40 batch experiments 
show a corresponding decrease in log KF relevant at α = 0.05.  The difference between the 
SN40/multi-wash isotherm and the CaCl2/multi-wash isotherm showed a significant decrease 
for KF in the presence of SN40.  The ratio of log KF for E2/CaCl2 and log KF for E2/SN40 
was 1.05 for the single equilibration isotherms and 1.06 for the multi-wash isotherms, 
lending evidence to the observed decrease in log KF for the SN40 single equilibration 
isotherm.   
Figure 4-1:  Impact of SN40, SN40 multi-wash, LGW, and LGW multi-wash experiments on E2 
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compared with control conditions of no SN40 and no “washing”.  The change in partitioning 
coefficients observed after repeated exposure to the background solutions may have been due 
to the loss of soil colloids, the presence of which would have decreased the amount of free 
E2 in the aqueous phase as indicated in other studies (Bowman et al., 2002, Holbrook et al., 
2005, Zhou et al., 2007).  The impact of continued “washing” of soil by surfactants could be 
a significant factor in changing the rate of transport of steroid estrogens through a soil-water 
environment, especially one constantly exposed to a flowing plume of effluent from a septic 
system as evidenced by the impact that repeated washings and the presence of SN40 have on 
reducing the log KF values.  Nonionic surfactants have been implicated elsewhere in reducing 
the capacity of the soil to further sorb nonionic surfactants (Shen, 2000) while also changing 
the ability of the soil to percolate wastewater (Amoozegar, 1998).  The concentration of 
nonylphenol ethoxylates used here was within the range reported in septic effluent by one 
study (Rudel et al., 1998), but this current study did not include the octyl phenol ethoxylates 
or any of the alkylphenol carboxylates that have also been reported in septic effluents (Conn 
et al., 2006, Rudel et al., 1998, Swartz et al., 2006), which may have further implications for 
fate and transport of steroid hormones.   
  
 
Impact of Septic Effluent TOC Concentration on Partitioning Behavior   
The presence of a bulk septic effluent from different stages of pretreatment (e.g., main 
tank, pump tank, aerobic sand filter) and of varying quality (as measured by TOC) all 
reduced the log KF for E2 below that of the LGW/CaCl2 alone.  A graphical representation of 
the relationship between log KF and TOC can be seen in Figure 4-2.  Because of the amount  
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of experimental data behind each log KF value, the following approach was used to evaluate 
the statistical significance of the impact of TOC on log KF:  The slope of the line (β1) was 
determined by least squares estimation (Equation 5) using all data points and the variance (υ) 
of the slope was determined by Equation 6, whereby x represents values of TOC, y represents 
values of log KF, and “si,y” represents the standard error of the ith set of y data.   
 
 
        ( )( )21 xx
yxx
ii
iii
−Σ
−Σ=β        (Eq. 5)  
( )
( ) 22
2
,
2
1 }{
}{
xx
sxx
Var
ii
yiii
−Σ
−Σ==υβ    (Eq. 6) 
 
 
TOC (mg C/L)
0 20 40 60 80 100
lo
g 
K
F 
fo
r E
2
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
TOC (mg C/L)
0 20 40 60 80 100
lo
g 
K
F 
fo
r N
Ps
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Slope = β1 = –0.0157 ± 0.0061 
  r2 =  0.877 
z   = –5.27 
Slope = β1 = –0.00253 ± 0.0011 
  r2 =  0.641 
z   = –4.58 
a b 
Figure 4-2:  Comparison of TOC in septic effluent from different stage of treatment on partitioning behavior of (a) E2 
and (b) NPs.  Error bars represent the 95% confidence intervals associate with each breakthrough curve.
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For α = 0.05, the 95% confidence interval was calculated as υβ 96.11 ±=  and the z-score 
was calculated as υβ /1=z  to evaluate statistical probability of β1 ≠ 0.   For both NPs and 
E2, the slope associated with increasing TOC was significantly different from zero at p < 
0.001, even when considering only the TOC values at 6.3 mg C/L and above (Fig. 4-2).  The 
TOC values for each sample are summarized in Table 4-3 together with their origin within 
the septic treatment systems. 
 
Water Source Effluent Origin from within Septic System TOC Concentration (mg/L) 
Laboratory Grade Water n/a None Detected 
Office Building Post Aerobic Sand Filter 6.3 
Office Building Post Anaerobic Sand Filter 23 
Office Building Main Tank 59 
Boarding School Main Tank 88 
Table 4-3:  Summary of TOC concentration and source information for waters used in column and batch study 
experiments. 
 
 
Packed Column Experiments   
Column experiments were used to verify that the results from the batch isotherms would 
be observable under dynamic transport conditions where equilibrium was not likely to exist.  
Two approaches were used to quantify the impact of NPEO surfactants and septic system 
effluent TOC on the breakthrough of E2 from the packed soil columns:  In the first approach, 
SigmaPlot 9.0 was used to fit a four-parameter logistic equation (Equation 7) to the 
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breakthrough data for the chloride non-conservative tracer and the retained analyte (E1, E2, 
or NPs).  
b
x
x
ayy
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
+=
0
0
1
    (Eq. 7) 
 
In Equation 6, y = C/C0 , y0 = minimum concentration value, a = curve plateau or maximum 
concentration value, b = slope of the breakthrough curve, and x0 = retention time (Rt) 
expressed as the number of pore volumes required to reach 50% of the breakthrough 
maximum.  The second approach used a computational technique (Nkedi-Kizza et al., 1987) 
to calculate the area above the breakthrough curve such that 
 
∫ ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= max
0
0
1
p
t dpC
CR     (Eq. 8) 
 
where p = time of flow measured in dimensionless number of pore volumes.  In both cases, 
the pore volume of the entire column was calculated by determining the mass of water in the 
column at the end of each breakthrough experiment, assuming that the density of the 
water/CaCl2 or septic system effluent/CaCl2 was 1 g/L, and then adding the volume of the 
column tubing.  Since the tubing was non-sorbing HDPE and the Ottawa sand was shown 
elsewhere to be minimally sorptive towards the analytes (Casey et al., 2003, Das et al., 
2004), those components of the column were considered non-reactive media.  Retardation 
factors (Rf) (Seip et al., 1986) were calculated by normalizing the retention time of the 
analyte (E1, E2, or NPs) by  the retention time of the non-conservative chloride tracer which 
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ranged from Rt = 1.0 to 1.4 (symmetrical with r2 ≥ 0.999 for all but one column where r2 = 
0.990).  Example breakthrough curves are shown in Figure 4-3; all others can be found in 
Appendix C. 
The computational approach to determining Rf required the breakthrough curves to 
behave ideally whereby 100% of the spike concentration was reached at the end of the 
experiment.  In the soil columns where biodegradation was controlled, C/C0 ranged from 
84% to 116%, likely due to indeterminate errors.  In columns where biodegradation was not 
controlled, C/C0 was as low as 56%.  Since the computational approach is based upon a 
 
Figure 4-3:  Comparison of breakthrough curves for E2 under sterile and non-sterile soil conditions for two 
background solutions.  The y-axis values represent relative concentration (C/C0) and the x-axis represents the 
relative pore volumes.  Each pore volume is equivalent to the volume of water that the soil column and tubing 
can hold at any given time as measured by chloride ion breakthrough and direct mass measurement.  
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maximum value for the breakthrough curve, the calculated Rt and Rf could be over- or under-
estimated depending on the behavior of the analyte as shown in Table 4-4.  However, if the 
range of measured concentrations for a given breakthrough are scaled between 0 and 1 by 
Equation 9, then the calculated Rf falls within 20% of the model-based fit in all but two 
cases.   
minmax
min
scaled , CC
CCC ii −
−=     (Eq. 9) 
 
Since the model and computational approaches achieved similar Rf results yet more statistical 
information could be obtained from the behavior of the data with respect to the fitted curve, 
the comparisons between batch isotherms and column experiments were made using the 
modeled results. 
 
Sample (n ≥ 15) 
Curve Fit 
Rf ± 95% CI 
C/C0 
 Area Rf 
RPD 
(%) 
Scaled 
Area Rf 
RPD 
(%) 
E2/LGW 10.3 1.26 10.9 6 11.1 7 
E2/LGW Non-Sterile 8.04 0.91 15.4 63 9.05 12 
E2/SN40 7.43 0.55 12.8 53 10.5 34 
E2/SN40 Non-Sterile 7.43 0.55 9.27 22 9.08 20 
E2/6.3 mg/L TOC 6.80 1.19 4.82 34 5.87 15 
E2/23 mg/L TOC 7.92 0.74 5.06 44 8.92 12 
E2/59 mg/L TOC 4.90 0.75 6.04 21 5.20 6 
E2/59 mg/L TOC Non-
Sterile 6.70 1.36 7.84 16 8.33 22 
E2/88 mg/L TOC 6.38 1.57 7.59 17 7.69 19 
 
Table 4-4:  Comparison of retardation factors (Rf) generated by fitting a model curve, computation of area 
above the curve based on C/C0, and computation of the area above the curve based on a 0 to 1 scaling of C/C0.  
Relative percent difference (RPD) calculations are relative to the model curve-based Rf. 
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Impact of NPEO Surfactant and Effluent TOC Concentration on Retardation   
Under the non-equilibrium conditions present in the soil columns, all treatments had a 
significant impact on retardation compared with the LGW/CaCl2 control (Table 4-4), 
effectively increasing the rate of transport of the estrogens through the column.  While 
statistical differences were not apparent between treatments of TOC and the presence of 
SN40, the observed trend of TOC impacting transport through the soil columns matches 
closely with the observed impact of TOC on partitioning behavior during the batch 
experiments as shown in Figure 4-4.  A linear regression analysis of the data shows a 
negative correlation between retention factor and TOC (p < 0.001, slope = - 0.037), though 
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Figure 4-4:  Comparison of retardation factors from column experiments and non-log transformed KF 
values from batch experiments with respect to septic effluent quality as measured by TOC. 
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the slope is insignificant if only the septic system effluent data (removing the LGW control) 
are considered. During the time course of the column experiments, NPs did not achieve 
complete breakthrough under any of the conditions tested. 
While the impact of TOC on retardation factor was less apparent than the impact of 
TOC on partitioning coefficients, some interesting trends are worth noting upon further 
examination of the data.  Under autoclaved soil and column influent conditions, 
approximately 20% of the final analyte breakthrough concentration in the E2/LGW column 
was present as E1 while in the presence of the septic system effluents and SN40 the 
concentration of E1 ranged from 30% to 70% of the total E1 + E2 concentration with no 
correlation to TOC.  In the non-sterile soil columns, the percent of the breakthrough 
concentration as E1 was much higher.  With the E2/LGW column, 98% to 99% of the total 
breakthrough of analyte was as E1; with the E2/SN40 column, 95% to 96% was present as 
E1; and with the E2/59 mg C/L effluent, 72% was present as E1.  Furthermore, in the 
absence of any carbon source other than E2 (i.e., in the E2/LGW column) the breakthrough 
curve plateau reached only around 56% of the influent concentration (C0), yet in the presence 
of the SN40 surfactant or the septic effluent, final effluent concentration (as the sum of E1 + 
E2) was nearly 100% as shown in Figure 4-3.  Such behavior could be indicative of 
preferential transformation whereby E2 is converted to E1 to some extent, but is not 
degraded due to the availability of a more labile substrate in higher concentration than the 
estrogens.   
Finally, the behavior of E1 and E2 and the observed interconversions between them were 
noteworthy.  As seen in Figure 4-5, a breakthrough curve from the E2/59 mg C/L with sterile 
soil column, showed that most of the initial breakthrough was present as E1.  However, as 
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the life of the column progressed, the amount of E1 began to decrease with a corresponding 
increase in E2.  The influent concentration was 95% E2, indicating that the E1 observed in 
the breakthrough was due to interconversion during transport through the soil columns.  
Similar trends were observed in each of the sterile soil columns and in the non-sterile E2/59 
mg C/L TOC effluent.  The columns were not allowed to run for long enough periods of time 
to determine whether the ratio of E1 to E2 would reach a steady state, though the trends 
would indicate that a larger portion of the initial breakthrough would be in the form of E1 but 
would gradually change to E2 as the column matured.  Such observations could explain why 
E2 has been observed in groundwater plumes (Swartz et al., 2006) despite indications that 
rapid transformation to E1 and subsequent biodegradation would occur in the presence of  
 
 
Figure 4-5:  Comparative breakthrough of the sum of E1 + E2 (black diamonds), E1 alone (blue squares), 
and E2 alone (purple triangles) in the sterile soil column with a 59 mg C/L sterile septic system effluent.  
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non-sterile soils (Casey et al., 2003, Casey et al., 2005, Das et al., 2004, Layton et al., 2000, 
Lee et al., 2003, Li et al., 2005). 
In the case of the E2/LGW column with the non-sterile soils, the breakthrough curve 
reached a plateau at around 56% of the original concentration.  From these data, an 
approximation of the steady-state degradation rate of E2 and E1 was made: 
 
(days) Time Residence/ln ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
in
out
C
Ck   Eq. 10 
 
Using Equation 10, a degradation rate of 5.4 day-1 was calculated, which is similar to the 
value obtained in the presence of biosolids (Layton et al., 2000) but is much higher than the 
value obtained during flow-interruption events (Das et al., 2004).  Part of the difference 
between these values could be due to the fact that our value was calculated from the 
concentration of E1 and E2 together relative to the input concentration of E2.  The 
aforementioned studies looked at each analyte individually rather than in combination.   
In order to determine whether the observed decrease in the combined concentration of E1 
and E2 resulted in a corresponding decrease in total estrogenicity, the YES assay was used to 
monitor column effluents.  For each of the columns the breakthrough pattern of total 
estrogenicity matched the breakthrough of the instrumentally analyzed E1 and E2 
concentrations for the first 10 pore volumes (plots shown in Appendix C).  However, beyond 
10 pore volumes, the assay results were very erratic and typically showed C/C0 values of up 
to 300% with wide ranges between data points.  The associated error may have been due to 
the use of aqueous samples (as opposed to extracts) which had interferents (e.g., colloidal 
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material, soil organic matter, and competing microorganisms) that impacted the yeast cells 
themselves or the interaction between the estrogen receptor and the analytes in solution.  
Because of this, no firm conclusions could be drawn about the removal of total estrogenicity 
during column transport, though other studies where biodegradation was shown did observe a 
corresponding increase in estrogenicity (Colucci and Topp, 2001, Colucci et al., 2001)   
 
4.4  Implications   
 
A clear relationship has been observed between equilibrium partitioning in batch studies 
and TOC content or the presence of NPEO surfactants which drives the analyte, E2, to have a 
greater concentration in the aqueous, or mobile, phase.  The trend was similar in the column 
experiments where TOC and NPEO surfactants were shown to increase the rate of transport 
of E2 (and E1) through the soil columns. This confirms that TOC and NPEO surfactants can 
in fact increase the rate of transport of estrogens through a soil-water environment.  While 
the column experiments did not show a significant difference in retardation factors between 
the types of septic effluent (as measured by TOC concentration), the batch isotherms were 
able to show that increasing levels of TOC increased the concentration of E2 associated with 
the aqueous phase.  The choice of flow rates for the soil columns matched those of an 
engineered sand filter but may not be representative of flow rates in non-engineered soils, 
especially those that may be impacted by surfactants (Amoozegar, 1998).  As such, under 
environmental conditions the amount of TOC present in the effluent and groundwater plume 
may have a significant impact on the rate of transport of E2 through soils, the observed 
degradation rate, and the amount of steroid estrogens present as the more estrogenic E2 (as 
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opposed to E1).  Additionally, TOC may be able to serve as a surrogate measure for potential 
transport behavior, though this would need to be evaluated across multiple soil types, in a 
broader range of TOC effluent quality, and compared with the presence and size distribution 
of colloids, the analysis of which was not available at the time of this study.   
 Previous studies have indicated rapid transformation, biodegradation, and sorption of 
estrogenic compounds when in a soil-water environment (Casey et al., 2003, Casey et al., 
2005, Colucci and Topp, 2001, Colucci and Topp, 2002, Das et al., 2004).  Despite models 
showing rapid removal of steroid estrogens in soil-water environments, several studies have 
shown concentrations of NPs, NPEOs, and steroid estrogens in groundwater plumes as 
previously indicated.  This study offers some early insights into mechanisms which impact 
degradation, transformation, and retardation and shows that TOC and NPEO surfactants have 
a role to play in estrogen transport.  Future research could incorporate this relationship into 
modified models such as those proposed elsewhere (Casey et al., 2005) whereby 
biodegradation and transformation are incorporated into a solute flux equation in conjunction 
with environmental monitoring to test the validity of the models against observed phenomena 
in septic drain fields.   
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Chapter 5: Concluding Remarks and Final Considerations 
 
5.1 Summary of Research Findings 
 
 
This dissertation has focused around three major objectives discussed in detail in 
Chapters 2, 3, and 4 that are necessary to further understand how endocrine active substances 
(EASs) behave in septic systems and the factors which impact their fate and transport 
through the environment once they leave septic systems.  The results presented in Chapter 2 
provide a robust, accurate, precise, and reproducible method for the detection and 
quantitation of steroid estrogens and nonlyphenols in septic systems, soils, and groundwater.  
Such strong method development and validation laid the foundation from which to perform 
the studies outlined in Chapters 3 and 4, giving strength and confidence to the data generated 
therein.  It was shown in Chapter 3 that the addition of aerobic sand filters used as 
pretreatment for septic systems drastically reduced the concentration of NPs, E1, E2, E3, and 
EE2 as well as the TOC in the final system effluent.  Anaerobic pretreatment options were 
not able to provide a noticeable reduction in estrogenicity or analyte concentration.  
Furthermore, in Chapter 4 it was shown that the presence of parent NPEO surfactants and 
TOC, those components of septic system effluent that could be removed or greatly reduced 
with additional pretreatment, would actually facilitate the transport of estrogens through a 
soil-water environment and potentially negatively impact their biodegradation rates due to 
the presence of more labile carbon sources.  All of the above conclusions, taken as a whole 
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and in conjunction with observed instances of groundwater contamination from septic 
systems (Mansell and Drewes, 2004, Rudel et al., 1998, Swartz et al., 2006), point towards 
the need to include aerobic pretreatment options on septic systems where shallow aquifers or 
very sandy soils are likely to be found in order to avoid contamination of local groundwater 
supplies. 
 
5.2 Examination of Individual Hypotheses 
   
Hypothesis 1:  A robust, sensitive, accurate, and precise analytical method for the 
quantification of steroid estrogens and nonylphenols in soils, groundwater, and septic 
effluents that accounts for extraction efficiency and variability across matrices can be 
developed using one or more deuterated standards and analysis by gas 
chromatography with tandem mass spectrometry (GC/MS/MS). 
 
Isotope dilution with GC/MS/MS analysis was shown to be a reliable method for the 
identification and quantitation of E1, E3, and EE2 in septic systems, soil, and groundwater 
matrices.  Challenges were encountered with E2 and NPs which did not respond well during 
MS/MS analysis, especially in heavily matrix-impacted extracts such as those from septic 
system main tanks and pump tanks.  Estradiol and NPs responded well during full scan MS 
analysis, however.  As such a combined approach of GC/MS for quantitation and 
GC/MS/MS for positive identification was employed.  At higher concentration of analytes 
(µg/L levels) the precision of the technique was excellent, typically around 2% or less 
relative standard deviation.  However, at low concentrations (ng/L) in heavily matrix-
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impacted samples the precision was less than ideal, as expected from such heterogeneous, 
high-TOC samples. 
 
Hypothesis 2:  The transformation of hormones in soil-water systems is a biologically 
mediated process and the metabolites formed are less estrogenic than the parent 
compounds.  As such, laboratory reactors (aerobic and/or anaerobic) can be used to 
convert steroid estrogens into less estrogenic, and possibly less harmful, metabolites 
in a controlled environment where such metabolites can be identified by GC/MS/MS 
analysis or detected by yeast estrogen screen (YES) assays. 
 
While it is clear from the evidence shown in Chapter 4 that biologically mediated 
transformation occurs, it is less clear whether that is the sole mechanism for transformation 
and biodegradation.  For example, in the sterile soil columns and batch reactors, 
transformation of E2 to E1 was observed.  While literature evidence indicates that chemical 
transformations can occur in the presence of manganese oxides (Park and Sheng, 2005) and 
evidence of transformation under sterile conditions were indicated in Chapter 4, the 
experimental results obtained did not have enough rigorous controls of sterility in place to 
guarantee that the observed transformations were solely due to chemical interactions.  What 
is clear, however, is that in the presence of an alternative carbon source (e.g. NPEO 
surfactants or TOC instead of just E1 or E2), E2 does not experience the same amount of 
transformation to E1 nor the same amount of biodegradation (56% recovered as E1 + E2 with 
no other carbon source, 90% to 100% recovered in the presence of NPEO or TOC).  The 
YES assay data presented in Chapter 3 showed trends of total estrogenicity which closely 
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matched the trends in analyte concentration in septic systems as measured by isotope 
dilution.  The YES data from the column studies were inconclusive, but there was no 
significant difference observed in breakthrough patterns under sterile and non-sterile 
conditions.  Both of these observations indicate that any transformation beyond the E2 to E1 
observed leads to the formation of byproducts which are less estrogenic or non-reactive 
towards the YES assay. 
 
Hypothesis 3:  Septic treatment systems which incorporate multiple stages of combined 
aerobic and anaerobic “pretreatment” processes will be better suited to remove 
steroid estrogens and nonylphenols (parent compounds and subsequent metabolites) 
from effluent than traditional one-tank systems. 
 
This hypothesis was shown to be true across the board in all systems tested and in 
replicate testing of the same system in that aerobic sand filters were able to reduce total 
estrogenicity the concentration of analytes detected beyond that observed in traditional 
systems (with only main tank and pump tank options).  The one system with an anaerobic 
sand filter was able to reduce TOC, but there was not a noticeable decrease in estrogenicity, 
estrogens, or NPs, indicating the need to have an aerobic treatment process in order to reduce 
potential environmental impacts.  Given that septic systems can fail, that percolation through 
soils may not provide ideal aerobic conditions, and that the potential for groundwater 
contamination exists, it seems prudent to recommend the addition of aerobic sand filters to 
new septic system installations. 
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Hypothesis 4:  The presence of multiple co-contaminants in a septic effluent, especially 
effluents which have not been treated with advances stages of pretreatment, will 
cause competitive sorption with soil particles, increasing their rate of transport 
through a soil-water matrix and decreasing the rate of transformation to less harmful 
metabolites.  This competitive sorption may account for the inaccuracy of current 
solute transport models. 
 
In soil-water batch isotherms, the presence of the parent NPEO surfactant, Surfonic-N40, 
was able to change the partitioning behavior of E2 such that a greater proportion of E2 was 
associated with the aqueous phase than when E2 was equilibrated without any co-
contaminants.  Likewise, the presence of increasing levels of TOC shifted the equilibrium 
concentration of E2 towards the aqueous phase.  The biodegradation product of NPEO 
surfactants, NPs, were not indicated in competitive sorption under the conditions 
investigated.  Under dynamic conditions where flow through soils decreased the likelihood of 
equilibrium conditions existing, all treatments (NPEO surfactants and TOC) reduced the 
retardation factor beyond that of LGW/CaCl2 alone.  While no specific conclusions could be 
drawn about the amount of TOC present and the retardation factor, the trends closely 
resembled those observed in the batch isotherms (where there was a statistically observable 
difference in partitioning between treatments), indicating that increased treatment options 
such as aerobic sand filters which reduce TOC (and also the concentration of EASs) may be 
beneficial in reducing the rate of transport of the EASs tested through soils.  While transport 
models were not specifically investigated in this study, the results presented provide a 
mechanism that could explain why current models which predict rapid attenuation and 
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biodegradation of EASs in soil-water environments fail to explain the observed 
contamination of groundwater previously mentioned. 
5.3 Recommendations for Future Work 
 
Several approaches are necessary to further validate the conclusions from this dissertation 
and to strengthen the argument for addition of aerobic treatment options to new septic 
systems.  First, an extensive program of groundwater and septic system monitoring for EASs 
and estrogenicity is required in order to determine the impact of different types of systems on 
groundwater quality.  It will be especially important to include areas with shallow 
groundwater and sandy soils as well as those with deeper groundwater tables and/or more 
balanced soil types.  Second, the observed transport and equilibrium phenomena should be 
evaluated across multiple soil types to determine whether any correlations between the 
impact of co-contaminants and the soils’ physical parameter (e.g., silt, sand, clay, organic 
matter, permeability) can be determined.  With this, other parameters of wastewater quality 
should be investigated, most notably colloidal organic matter which has been indicated 
elsewhere in impacting equilibrium of estrogens in wastewater environments (Bowman et al., 
2002, Holbrook et al., 2003, 2004, Kretzschmar et al., 1995, Mansell and Drewes, 2004, 
Yamamoto and Liljestrand, 2003, Zhou et al., 2007).  Finally, a modeling study should be 
carried out which attempts to incorporate the impact of TOC and co-contaminants on 
partitioning and biodegradation in order to adjust the current models to better match the 
observations of groundwater contamination.  By continuing in such a multi-faceted approach 
future studies will be able to make recommendations on septic treatment options for 
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community and household systems based on use, soil type, groundwater depth, and a variety 
of other factors which could impact public and environmental health. 
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 Appendix A: Additional Figures and Tables from Chapter 2 
 
 
Figure A-1 shows sample total ion chromatograms for four types treatment of standards 
from GC/MS-ion trap analysis as a demonstration of chromatography and derivatization 
procedures:  Figures A-1 A, B, and D are all quenched with 100 µL LGW whereas A-1 C 
represents a non-quenched sample of the same concentration.  Figures A-1 A-C have an on-
column concentration of approximately 2200 pg/uL (all on-column concentrations refer to 
the pre-derivatized mass and do not take into consideration the additional mass of the added 
trimethylsilyl groups), while the concentrations in A-1 D range from 1800 pg/µL for E2-17 
to 2600 pg/µL for E3.  HCB is used as the performance standard. 
Figure A-2 shows the mass spectra acquired from 5 selected scans from the group of NP 
isomer peaks in order to demonstrate the variability of spectra from the isomers of 4-
nonylphenol.  The different abundances of ion fragments together with the increased signal 
observed in Figure A-1 are why the sum of m/z 179+193+221 was chosen for quantitation.  
Note that while m/z 179, 193, and/or 221 are present in most of the spectra, they are not 
equally present in all of the spectra.  Figure A-2e shows the presence of a predominant m/z 
207 peak, a possible fragment from NP isomer dissociation but also a typical column bleed 
fragment.
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Figure A-1:  Total ion chromatograms for NPs and estrogens.  A = 2200 pg/µL NP mixture, B = 2200 pg/µL 
NP-d4 quenched; C = 2200 pg/µL NP-d4 un-quenched; D = Estrogens quenched (1800 pg/µL to 2600 pg/µL) 
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Figure A-2:  Selected peaks of NP isomers from the chromatogram in Chapter 2, Figure 2-2.  Each spectrum 
represents a different isomer of NP from within the group of chromatographically resolved peaks. 
a 
b 
c 
d 
e 
193 179 
193 179 
193 179 
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Soil Sample: Orange 1 Orange 2 Chatham 
pH 5.2 5.2 6.2 
Water Holding Capacity (%) 63.2 59.4 41.9 
        
Texture:       
% Clay 50 23 10 
% Silt 42 56 18 
% Sand 8 21 72 
USDA Textural Class Silty Clay Silty Loam Sandy Loam 
 North Carolina Soil Type Georgeville B Georgeville B Vance Sandy Loam 
Particle Density (DP) (g cm-3) 2.4 2.3 2.4 
Org. Matter Content (%) 16.4 11.7 3.9 
Solid (Root) Organic Matter (%) 0.2 0.3 0.08 
        
        
Soil Moisture Content (%) 38.3 27.5 6.4 
Bulk Density (DB) (g cm-3) 0.78 1.35 N/A 
Air Filled Porosity (cm3 cm-3) 0.38 0.04 N/A 
Water Filled Porosity (cm3 cm-3) 0.30 0.37 N/A 
% Water Filled Pore Space 30 37 N/A 
 
Table A-1:  Results from Textural and Chemical Analysis at UNC Laboratories 
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Analysis 
Compound/Property 
(all metals in PPM) 
Orange 1 Orange 2 Riggsbee 
P 0 2.4 155 
K 126 50.5 83.1 
Ca 884 813 726 
Mg 214 142 186 
Na 23 23 23 
Mn 34.2 249 36.9 
Zn 2.1 3.8 12.3 
Cu 3.5 7.8 2.1 
Cd 0 0.2 0.1 
Ni 0 0.3 0.2 
Pb 0 0 6.5 
Se 0 0 0 
Cr 0 0.1 0.1 
As 2.5 2.3 1.5 
Al 853 911 552 
Fe 58.5 103 214 
Bulk Density (g/cm3) 0.88 1.05 1.31 
pH (water method) 5.1 5 6 
Buffer Exchangable Acidity 2.2 2.5 1.1 
CEC (meq/100 cm3) 8.7 7.9 6.5 
Base Saturation of CEC (%) 75 68 83 
NaOH Extracatable Humic 
Matter (g/100 cm3) 0.36 0.86 0.46 
 
Table A-2:  Soil Testing Data from the North Carolina Department of Agriculture and Consumer Services, 
Agronomic Division 
 
 
 
 Appendix B: Compiled Data from Septic System Monitoring 
 
 
Table B-1:  Compiled instrumental and YES data for all systems tested .  Frequency = the 
number of positive detects / the total number of samples.   
Table B-2:  Raw data and blank controls for System 1, all sampling dates.   
Table B-3:  Raw data and blank controls for Systems 2 through 4.   
Table B-4:  Raw data and blank controls for System 5.   
Table B-5:  Example data table for calculating the recovery-corrected YES response based on 
the recovery of deuterated standards observed during instrumental analysis. 
Table B-6:  Chemical and physical data for sampling points in System 1.   
Table B-7:  Chemical and physical data for sampling points in System 2.   
Table B-8:  Chemical and physical data for sampling points in System 3. 
Table B-9:  Chemical and physical data for sampling points in System 4. 
Table B-10:  Chemical and physical data for sampling points in System 5. 
Figure B-1:  Comparison of peak areas associated with NPEOs  
Figure B-2:  Graphical data from experiments with YES assay examining mixtures of 
analytes showing no deviation from additive effects.   
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  Ave Median Max n Frequency StdDev %CV 
NPs Main Tank 334 87 2079 19 19/19 594 178 
(µg/L) Pump Tanks 280 230 892 28 28/28 205 73 
 Anaerobic SF 224 224 228 2 2/2 6 3 
 Aerobic SF 34 8 266 20 20/20 74 217 
 Anaerobic Wetland 5 4 15 10 10/10 4 108 
 Post Greenhouse 5 3 25 10 10/10 2 148 
         
  Ave Median Max n Frequency StdDev %CV 
E1 Main Tank 20 7 124 14 9/14 34 166 
(ng/L) Pump Tanks 50 26 202 22 14/22 59 118 
 Anaerobic SF 15 15 17 2 2/2 3 19 
 Aerobic SF 2 nd 11 14 2/14 4 255 
 Anaerobic Wetland 9 9 19 4 3/4 9 99 
 Post Greenhouse 7 6 16 4 2/4 8 118 
         
  Ave Median Max n Frequency StdDev %CV 
E2 (FS) Main Tank 36 26 84 11 11/11 30 83 
(ng/L) Pump Tanks 29 32 83 13 9/13 26 89 
 Anaerobic SF 50 50 53 2 2/2 4 8 
 Aerobic SF 6 6 12 12 11/12 6 98 
 Anaerobic Wetland 6 6 7 4 3/4 1 17 
 Post Greenhouse 5 6 8 4 3/4 4 71 
         
  Ave Median Max n Frequency StdDev %CV 
E3 Main Tank 60 2 379 14 7/14 132 220 
(ng/L) Pump Tanks 57 8 376 22 15/22 107 172 
 Anaerobic SF <5 <5 <5 2 1/2 n/a n/a 
 Aerobic SF 4 nd 26 14 5/14 9 1531 
 Anaerobic Wetland nd nd nd 4 0/4 n/a n/a 
 Post Greenhouse nd nd nd 4 0/4 n/a n/a 
         
  Ave Median Max n Frequency StdDev %CV 
EE2 Main Tank 48 nd 357 14 3/14 115 241 
(ng/L) Pump Tanks 35 nd 288 22 6/22 80 227 
 Anaerobic SF <5 nd <5 4 1/4 n/a n/a 
 Aerobic SF nd nd nd 14 0/14 n/a n/a 
 Anaerobic Wetland nd nd nd 4 0/4 n/a n/a 
 Post Greenhouse nd nd nd 4 0/4 n/a n/a 
         
  Ave Median Max n Frequency StdDev %CV 
YES Main Tank 63 73 96 6 6/6 37 58 
(as EEQs) Pump Tanks 86 63 208 8 8/8 61 72 
 Anaerobic SF 66 66 66 1 1/1 n/a n/a 
 Aerobic SF 1 0.4 2 6 6/6 1 111 
 Anaerobic Wetland 1 0.8 1 2 2/2 n/a n/a 
 Post Greenhouse <0.059 <0.059 0.07 2 2/2 n/a n/a 
Table B-1:  Compiled instrumental and YES data for all systems tested.  Frequency = the number of positive 
detects / the total number of samples.  In samples where a signal was observed above the S/N but below the 
PQL, the value is reported as <PQL.  Where no signal was detected, data are listed as “nd”.   
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System 1       
09/2006 NPs E1 E2 E3 EE2 YES 
Main Tank 112 201 nd nd nd n/a 
Main Tank invalid 258 nd nd nd n/a 
Pump Tank 234 168 nd nd nd n/a 
Pump Tank 248 226 nd nd nd n/a 
Wet 1/2 33 nd nd nd nd n/a 
Wet 1/2 49 nd nd nd nd n/a 
Post Wet 4.2 nd nd nd nd n/a 
Post Wet 4 nd nd nd nd n/a 
Post GH 3.3 nd nd nd nd n/a 
Post GH 3.2 nd nd nd nd n/a 
LGW Blank 0.6** nd nd nd nd n/a 
       
System 1       
03/2007 NPs E1 E2 E3 EE2 YES 
Main Tank 282 14 5 nd nd 2.75 
Main Tank 376 17 4 21 nd  
Pump Tank 452 19 nd 26 nd 22.5 
Pump Tank 392 12 nd 21 nd  
Wet 1/2 25 nd nd 3 nd 0.1 
Wet 1/2 18 nd 2 2 nd  
Post Wet 5 19 6 nd nd 1.21 
Post Wet 15 15 7 nd nd  
Post GH 25 nd nd nd nd <LOQ 
Post GH 4 nd 5 nd nd  
LGW Blank n/a n/a n/a n/a n/a <LOQ 
       
System 1       
09/2007 NPs E1 E2 E3 EE2 YES 
Main Tank 2079 nd 12 nd nd 40 
Main Tank 1885 nd 13 nd nd  
Pump Tank 889 33 nd 3 nd 208 
Pump Tank 892 88 nd 7 nd  
Aerobic Wetland 229 11 nd 26 nd 2 
Aerobic Wetland 266 nd <5 24 nd  
Anaerobic Wetland 12 nd <5 nd nd 0.3 
Anaerobic Wetland 11 3 <5 nd nd  
Post Greenhouse 6 16 <5 nd nd <LOQ 
Post Greenhouse 10 12 <5 nd nd  
LGW Blank 7 < 5 nd nd nd <LOQ 
Table B-2:  Raw data and blank controls for System 1, all sampling dates.  “BDL” = below detection limit.  
“nd” = not detected.  “n/a” = not analyzed.  **NPs value estimated in blank based on area response because 
deuterated standards were not spiked into the LGW blank. 
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System 2       
04/2007 NPs E1 E2 (FS) E3 EE2 YES 
Main Tank 315 15 72 361 nd 86 
Main Tank 422 33 54 379 nd   
Pump Tank 305 87 32 353 nd  80 
Pump Tank 562 97 n/a 376 nd   
Sand Filter 1 12 nd  < PQL nd nd  0.54 
Sand Filter 1 8 nd  < PQL nd  nd   
Sand Filter 2 1 nd  < PQL nd  nd  0.39 
Sand Filter 2 1 nd  < PQL nd  nd   
Post-UV 1 nd  < PQL nd  nd  0.4 
Post-UV nd  nd  < PQL nd  nd   
Upstream nd  nd  33 nd  nd  0.86 
Upstream nd  nd  34 nd  nd   
Downstream nd  nd  37 nd  nd  0.48 
Downstream nd  nd  30 nd  nd   
LGW Blank 1** nd nd nd nd n/a 
   
       
System 3       
03/2007 NPs E1 E2  E3 EE2 YES 
Main Tank 78 41 23 nd nd 96 
Main Tank 87 38 n/a 3 37  
Anaerobic 220 17 47 < 5 < 5 66 
Anaerobic 228 13 53 nd nd  
Aerobic 7 nd 10 nd nd 0.3 
Aerobic 5 nd 12 nd nd  
LGW Blank 8 nd nd nd nd n/a 
       
System 4       
03/2007 NPs E1 E2 E3 EE2 YES 
Main Tank 125 nd 74 nd nd 59 
Main Tank 126 nd 84 nd nd 60 
Holding Tank 200 nd 57 4 nd 65 
Holding Tank 203 nd 52 nd  nd  
Pump Tank 282 nd 37 nd nd 47 
Pump Tank 273 nd 45 4 116 34 
Post Sand 20 nd BDL 2 nd 0.4 
Post Sand 32 nd BDL nd nd  
LGW Blank 5 nd BDL nd nd n/a 
Table B-3:  Raw data and blank controls for Systems 2 through 4.  “BDL” = below detection limit.  “nd” = not 
detected.  “n/a” = not analyzed.  **NPs value estimated in blank based on area response because deuterated 
standards were not spiked into the LGW blank.  
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System 5       
03/2007 NPs E1 E2 E3 EE2 YES 
Main Tank 267 nd 28 14 272 93 
Main Tank 241 nd 26 20 357  
Pump Tank1 441 nd 83 8 177 89 
Pump Tank1 297 4 18 nd 187  
Pump Tank2 313 5 21 nd 288 139 
Pump Tank2 318 51 34 46 nd  
LGW Blank 5 nd BDL nd nd n/a 
Table B-4:  Raw data and blank controls for System 5.  “BDL” = below detection limit.  “nd” = not detected.  
“n/a” = not analyzed 
153 
 
 
( A ) Instrumentally Measured Values per Analyte (ng/L) 
 E1 E2 EE2 E3 NPs 
Main Tank 24 63 0 370 368373 
Pump Tank 1 92 67 0 364 433722 
Primary Sand Filter 0 3 0 0 10168 
Recirc. Sand Filter 0 3 0 0 7302 
Post UV/Discharge 0 3 0 0 2991 
Downstream 0 33 0 0 2568 
Upstream 0 33 0 0 1353 
      
( B ) % Absolute Recovery (Based on Area of Isotope Dilution Standard relative to Area of HCB) 
 E1 E2 EE2 E3 NPs 
Main Tank 8 70 8 8 20 
Pump Tank 1 9 66 9 9 24 
Primary Sand Filter 39 71 39 39 7 
Recirc. Sand Filter 41 77 41 41 4 
Post UV/Discharge 45 84 45 45 11 
Downstream 41 69 41 41 13 
Upstream 38 75 38 38 20 
      
( C ) Theoretical YES Response Based on EEQs (ng/L) x Absolute Recovery 
 E1 E2 EE2 E3 NPs 
Main Tank 1.8 44 0 0.3 28 
Pump Tank 1 8.1 44 0 0.3 39 
Primary Sand Filter 0 2.3 0 0 0 
Recirc. Sand Filter 0 2.3 0 0 0 
Post UV/Discharge 0 2.4 0 0 0 
Downstream 0 23 0 0 0 
Upstream 0 25 0 0 0 
      
( D ) 
Σ Recovery-
Corrected YES 
Response (ng/L) 
Actual YES 
Response, EtOH 
(ng/L)   
Main Tank 74 86  
Pump Tank 1 92 80  
Primary Sand Filter 2.5 0.54  
Recirc. Sand Filter 2.5 0.39  
Post UV/Discharge 2.5 0.40  
Downstream 23 0.48  
Upstream 25 0.86   
Table B-5:  Example data table for calculating the recovery-corrected YES response based on the recovery of 
deuterated standards observed during instrumental analysis
.
 
 
System 1 pH Temp 
Specific 
Conduct-
ance Salinity D.O. Turbidity Alkalinity 
NO3-
N 
NH3-
N TOC DOC TN DN 
    (º C) (μS/cm) (mg/L) (mg/L) (NTU) (mg/L as 
CaCO3) 
(mg/L) (mg/L) (mg 
C /L) 
(mg C 
/L) 
(mg N 
/L) 
(mg N 
/L) 
Main Tank 6.8 n/a 296 0.1 n/a 8 50 1.28 4.8 30 29 7.7 7.4 
Pump Tank 6.9 n/a 472 0.2 n/a 36 140 0.55 26 21 23 20 19 
Wetland Half-way 6.4 n/a 492 0.2 n/a 3 100 8.2 3.2 6.2 5.9 14 14 
Post Wetland 6.5 n/a 492 0.2 n/a 3 70 9.5 <0.9 5.5 5.9 14 14 
Post Greenhouse 7.2 n/a 424 0.2 n/a 3 60 6.3 <0.9 3.9 3.7 9.9 10 
Post Chlorination 7.9 n/a 463 0.2 n/a n/a n/a n/a n/a n/a n/a n/a n/a 
 
Table B-6:  Chemical and physical data for sampling points in System 1.  Note that DO and temperature data were not available (n/a) for this sampling date.  For 
all tables B-6 through B- 10,organic carbon (as TOC or DOC) and nitrogen (as TN or DN) were within +/- 5% which may explain situations where DOC (or DN) 
appears to be higher than TOC (or TN) 
 
 
System 2 pH Temp 
Specific 
Conduct-
ance Salinity D.O. Turbidity Alkalinity 
NO3-
N 
NH3-
N TOC DOC TN DN 
    (º C) (μS/cm) (mg/L) (mg/L) (NTU) (mg/L as 
CaCO3) 
(mg/L) (mg/L) (mg 
C /L) 
(mg C 
/L) 
(mg N 
/L) 
(mg N 
/L) 
Main Septic Tank 7.5 17.8 1014 0.5 n/a 73 400 0.4 50 24 15 52 51 
Pump Tank 1 8.0 17.6 1408 0.7 0.06 90 700 0.3 47 13 14 54 53 
Post Aerobic SF 1 7.3 16.8 768 0.4 5.37 1.8 160 31 1.5 3.6 3.5 31 29 
Post Aerobic SF 2 7.4 16.8 751 0.4 6.93 1.1 160 23 < 0.9 3.1 2.9 26 27 
Post UV 7.3 17.0 678 0.3 8.86 1.2 170 n/a < 0.9 3.4 3.3 30 26 
Upstream 6.2 16.2 135 0.1 4.89 10 45 0.2 < 0.9 10 10 1.7 1.7 
Stream Discharge 7.0 16.6 240 0.1 6.7 8.1 60 n/a n/a n/a n/a n/a n/a 
Downstream 7.0 16.1 162 0.1 6.67 8.6 45 0.6 < 0.9 10 10 1.7 1.1 
 
Table B-7:  Chemical and physical data for sampling points in System 2.   
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System 3 pH Temp 
Specific 
Conduct-
ance Salinity D.O. Turbidity Alkalinity
NO3-
N 
NH3-
N TOC DOC TN DN 
  
 (º C) (μS/cm) (mg/L) (mg/L) (NTU) (mg/L as 
CaCO3) 
(mg/L) (mg/L) (mg C 
/L) 
(mg C 
/L) 
(mg N 
/L) 
(mg N 
/L) 
Main Tank Effluent 7.3 12.7 792 0.4 1.36 122 300 0.43 41 27 25 41 43 
Post Anaerobic 
Wetland 6.7 10.7 906 0.4 0.11 59 400 0.20 61 9.7 9.4 59 59 
Post Aerobic SF 6.7 9.0 100 0.0 5.42 17 35 <0.18 <0.9 9.6 10 0.9 0.8 
 
Table B-8:  Chemical and physical data for sampling points in System 3.   
 
System 4 pH Temp 
Specific 
Conduct-
ance Salinity D.O. Turbidity Alkalinity 
NO3-
N 
NH3-
N TOC DOC TN 
DN, 
0.45 
μm 
    (º C) (μS/cm) (mg/L) (mg/L) (NTU) (mg/L as 
CaCO3) 
(mg/L) (mg/L) (mg 
C /L) 
(mg C 
/L) 
(mg N 
/L) 
(mg N 
/L) 
Main Tank 1 6.5 12.2 967 0.5 n/a 101 275 0.32 52 154 147 59 56 
Main Tank 2 6.5 11.8 964 0.5 n/a 105 300 0.27 58 119 113 56 56 
Pump Tank A 6.6 12.8 890 0.4 0.42 70 350 0.30 51 73 68 54 53 
Pump Tank B 
(Post Aerobic SF) 6.1 10.7 549 0.3 8.71 1 50 25 <0.9 6.5 5.3 30 30 
 
Table B-9:  Chemical and physical data for sampling points in System 4.   
 
System 5 pH Temp 
Specific 
Conduct-
ance Salinity D.O. Turbidity Alkalinity 
NO3-
N 
NH3-
N TOC DOC TN 
DN, 
0.45 
μm 
    (º C) (μS/cm) (mg/L) (mg/L) (NTU) (mg/L as 
CaCO3) 
(mg/L) (mg/L) (mg 
C /L) 
(mg C 
/L) 
(mg N 
/L) 
(mg N 
/L) 
Main Tank 6.8 19.1 817 0.4 n/a 68 300 0.31 51 100 89 54 51 
Pump Tank 1 7.0 17.4 820 0.4 n/a 82 350 0.36 55 62 52 55 52 
Pump Tank 2 6.9 14.4 830 0.4 n/a 52 375 0.53 58 39 33 53 52 
 
Table B-10:  Chemical and physical data for sampling points in System 5.   
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Figure B-1:  Comparison of peak areas associated with NPEOs in (A) Surfonic-N40 standard equivalent to 1000 µg/L as NP3EO, (B) System 2 main 
tank (Peak 1 relative area = 13.3, Peak 2 relative area = 4.45, Peak 3 relative area = 4.05), (C) System 2 pump tank (Peak 1 relative area = 7.63, Peak 2 
relative area = 2.48, Peak 3 relative area = 2.26), and (D) System 2 post-aerobic sand filter, as determined by extracted selected ion counts associated 
with NP1EO, NP2EO, and NP3EO relative to the extracted ion counts for the internal standard, HCB @ 284.  Note the decreasing concentration of 
NPEOs through each stage of the system.   
A 
B 
C 
D 
Peak 1 Peak 2 Peak 3
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Figure B-2:  Graphical data from experiments with YES assay examining mixtures of analytes showing no 
deviation from additive effects.  Experiments were performed in ethanol-based extracts.  E2 was added to E1, 
E3, and NP standards at 3,000 ng/L while E1 was held constant at 3,000 ng/L and E3 and NPs were held 
constant at 740,000 ng/L in-well. 
 
   
 
 
 
Appendix C:  Data, Figures and Tables from Chapter 4 
 
Figure C-1:  Experimental setup for soil column experiments 
Figure C-2:  Breakthrough data for E2/CaCl2 solution in sterile soil with no co-
contaminants. 
Figure C-3:  Breakthrough data for E2/LGW (with CaCl2) solution under non-sterile soil 
conditions.  The “E1 Alone” data points are partially obscured in the figure because 
100% of the “Sum E1 + E2” data is due to E1 and therefore underlies the summed data. 
Figure C-4:  Breakthrough data for E2/SN40 mixture in sterile soil conditions. 
Figure C-5:  Breakthrough data for E2/SN40 solution under non-sterile soil conditions. 
Figure C-6:  Breakthrough data for E2/6.3 mg C/L septic effluent under sterile soil 
conditions. 
Figure C-7:  Column breakthrough data for E2/23 mg C/L septic effluent under sterile soil 
conditions.  The YES data were unavailable for this experiment.  Note that NPs did not 
show any noticeable breakthrough during the time course of the experiment. 
Figure C-8:  Breakthrough data for E2/59 mg C/L septic effluent under sterile soil 
conditions.  Note that NPs did not show any noticeable breakthrough during the time 
course of the experiment. 
Figure C-9:  Breakthrough data for E2/59 mg C/L septic effluent under non-sterile soil 
conditions. 
Figure C-10:  Column breakthrough data for E2/88 mg C/L septic effluent under sterile soil 
conditions.  The YES data were unavailable for this experiment.  Note that NPs did not 
show any noticeable breakthrough during the time course of the experiment. 
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Figure C-1:  Experimental setup for soil column experiments
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Figure C-2:  Breakthrough data for E2/CaCl2 solution in sterile soil with no co-contaminants. 
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Figure C-3:  Breakthrough data for E2/LGW (with CaCl2) solution under non-sterile soil conditions.  The “E1 
Alone” data points are partially obscured in the figure because 100% of the “Sum E1 + E2” data is due to E1 
and therefore underlies the summed data. 
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Figure C-4:  Breakthrough data for E2/SN40 mixture in sterile soil conditions. 
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Figure C-5:  Breakthrough data for E2/SN40 solution under non-sterile soil conditions.   
 
   
161 
 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20 25 30
Relative Pore Volumes
C
on
c.
 in
 S
am
pl
e 
/ C
on
c.
 in
 C
tr
l
Chloride
E1 Alone
E2 Alone
Sum E1 + E2
YES Data
 
Figure C-6:  Breakthrough data for E2/6.3 mg C/L septic effluent under sterile soil conditions. 
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Figure C-7:  Column breakthrough data for E2/23 mg C/L septic effluent under sterile soil conditions.  The 
YES data were unavailable for this experiment.  Note that NPs did not show any noticeable breakthrough during 
the time course of the experiment. 
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Figure C-8:  Breakthrough data for E2/59 mg C/L septic effluent under sterile soil conditions.  Note that NPs 
did not show any noticeable breakthrough during the time course of the experiment. 
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Figure C-9:  Breakthrough data for E2/59 mg C/L septic effluent under non-sterile soil conditions.   
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Figure C--10:  Column breakthrough data for E2/88 mg C/L septic effluent under sterile soil conditions.  The 
YES data were unavailable for this experiment.  Note that NPs did not show any noticeable breakthrough during 
the time course of the experiment. 
 
   
 
 
Appendix D:  Yeast Estrogen Screen (YES) Assay Protocols 
 
This protocol is modified from the Routledge and Sumpter (1996) Environmental Toxicology 
and Chemistry 15 (3) pp. 241-248 article. Modifications include the use of plate-grown 
cultures to inoculate liquid media, less dilution of the growth culture into the assay medium 
and increased CPRG concentration.  The yeast strain used for this YES-assay are the human 
estrogen receptor (hER) transfected Saccharomyces cerevisiae provided under agreement 
with Prof. J. P. Sumpter at Brunel University, UK.  The modified SOP was written by Chad 
Roper and Ben Stanford. 
 
Materials: 
Spectrophotometer (Visible Range) 
96-well Plate Reader (Molecular Devices, EMax) 
 
125 ml Sidearm Flask with Metal Cap 
125 ml Culture Flask with Metal Cap 
250 ml Culture Flask with Autoclavable Cap 
100 ml Beaker 
1 L or more screw top glass bottle 
4 - 250 ml or more screw top bottles 
numerous 40 ml or more screw top brown glass vials 
numerous 8 ml or more screw top brown glass vials 
Disposable Sterile Syringes with luer lock tip (60 ml) 
Sterile Syringe Filters (0.2 um for filter sterilization), Disposable 
Disposable Filter Sterilization Flasks 
Disposable Sterile Petri Plates 
Disposable Sterile 96 well plates 
Disposable Sterile 96 well plate covers 
Parafilm 
10 ml sterile pipets (with Pipet Bulb) 
V shaped wells for multichannel pipetting (autoclavable), w/cover 
8 Channel Pipettor (250 ul) and tips 
Pipettor (20 ul) and tips 
Aluminum Foil 
Autoclave tape 
Ethanol (EtOH), high purity (denatured is ok). 
 
Solutions: 
Solutions should be made in sterilized bottles or vials with lab grade water and stored at 4ºC, 
solutions will be filter sterilized before use. Shelf life can be greatly extended by filter 
sterilization at the time of preparation. Any solution should be discarded in the event of a 
visible color change or visible turbidity. 
 
• 500 ml solution of D-(1)-glucose at 20% w/v 
• 100 ml solution of L-aspartic acid at 4 mg/ml
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• 100 ml L-threonine at 24 mg/ml 
• 25 ml copper (II) sulfate solution at 20 mM 
• 10 ml stock solution of chlorophenol red-ß-D-galactopyranoside (CPRG) at 10-mg/ml 
• 100 ml solution of  Fe2(SO4)3 at 0.8 mg/ml 
• 100 ml solution of biotin at 0.02 mg/ml 
• 25 ml solution of chloramphenicol at 2.5 mg/ml (dissolve in ~ 2 – 3 ml EtOH first, then 
add sterile water to 25 ml) 
 
• Minimal Media:  
Amounts given are per liter of lab grade water.  The solution should be autoclaved at 121ºC 
for a minimum of 15 minutes, and then stored at room temperature.  In the event of 
precipitation during autoclaving, filter sterilize the solution into 500 ml sterile flasks. 
 
13.61 g KH2PO4 
1.98 g  (NH4)2SO4 
 4.2 g KOH   
 0.2 g MgSO4 
 1 ml  Fe2(SO4)3 solution 
50 mg L-leucine 
50 mg L-histidine 
50 mg adenine 
20 mg L-arginine-HCl 
20 mg L-methionine 
30 mg L-tyrosine 
30 mg L-isoleucine 
30 mg L-lysine-HCl 
25 mg L-phenylalanine 
100 mg L-glutamic acid 
150 mg L-valine 
375 mg L-serine 
 
• Vitamin Solution: 
Amounts listed below should be added to 180 ml lab grade water, then the solution should be 
filter sterilized into a sterilized screw top bottle and stored at 4ºC. 
8 mg thiamine 
8 mg pyridoxine 
8 mg pantothenic acid 
40 mg inositol 
20 ml of biotin solution 
 
• Sabauroud’s Dextrose Agar with Chloramphenicol: 
Amounts given are per liter lab grade water.  The solution should be autoclaved at 121ºC for 
a minimum of 15 minutes, allowed to cool to 60 ºC, and then be poured into sterile plates in 
aliquots of 15 to 20 ml. Once the agar has set and cooled completely, the plates should be 
stored at 4ºC in plastic Ziploc bags for up to one year. 
60 g Sabourad’s Dextrose Agar (Difco)  
3 ml Chloramphenicol solution (available as 2.5 mg/mL) 
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Propagation and Storage of Yeast Strain: 
 
Every two weeks (4 weeks maximum), a single colony should be selected from the 
current agar plate with the YES-human estrogen receptor (hER) culture and that 
colony should be streaked out on a new agar plate using proper technique.  Agar 
plates should be wrapped in parafilm after the colony has been streaked. 
 
The new agar plate should be grown for 48 to 72 hours at 30º C and then stored in a 
refrigerator at 4ºC. This then becomes the current agar plate for use.  
 
In the event that the assay ceases to work due to the selection of a revertant colony of 
yeast incapable of responding to estrogenic compounds, the previous plate can be 
used for an inoculum and new streak plate.  Dispose of old plates after 3 generations 
of colonies have been streaked onto new plates. 
 
Assay Protocol: 
 
Preparation-  
• Add 45 ml minimal medium to sidearm culture flask and put cap on. Label with 
autoclave tape.  This will be the flask which grows the stock colony culture.  Create 
one of these for every 8 flasks that will be inoculated (see chart below). 
• Add 45 ml minimal medium to culture flask and put cap on. Label with autoclave 
tape (use the chart below to determine the number of these flasks that will be needed). 
 
# of 96-well plates 
needed 
# of culture flasks 
needed 
# of stock colony 
side-arm culture 
flasks needed 
2 1 1 
4 2 1 
6 3 1 
8 4 1 
10 4 2 
12 5 2 
14 6 2 
16 7 2 
18 8 3 
20 8 3 
22 9 3 
24 10 3 
 
• Wrap 100 ml beaker in aluminum foil 
• If pipette tips are not sterile, place pipette tips in box/rack, and label with autoclave 
tape 
• Wrap V-shaped well for multichannel pipetting and cover in foil (if not already 
sterile) 
• Autoclave all of the above items at 121 ºC for 15 minutes on the liquids cycle. 
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• While hot, move all autoclaved items into biosafety cabinet and allow to cool. 
 
• Mix the following in the sterile 50 ml beaker.  *Note:  amounts are per 45 ml 
minimal medium to be inoculated! 
 
 
5 ml glucose solution 
1.25 ml L-aspartic acid solution 
0.5 ml vitamin solution 
0.4 ml L-threonine solution 
125 µl copper (II) sulfate solution 
 
• Draw this mixture into the 60 ml sterile disposable syringe and attach the syringe 
filter. Note the volume. Dispense the appropriate portion of the solution into one of 
the sterile minimal medium sidearm flasks aseptically (flame both the tip of the filter 
and lip of the flask if possible).  Add the remaining volume to each of the remaining 
flasks.  The volume will be approximately 7 ml added per flask. 
 
Inoculation of Growth Medium- 
• Remove current streak plate of hER culture from refrigerator 
• In biosafety cabinet, remove parafilm from plate 
• Flame loop the full length that will extend into the culture flask 
• Select a single colony from the plate 
• Open the lid 
• Remove single colony from plate with loop after touching loop to blank agar surface 
to cool it.  Immediately replace the plate lid. 
• Open sidearm flask, flame the lip, and insert the loop with the colony into the media. 
Try not to touch the sides of the flask. Stir media with loop to remove colony. 
Remove loop from flask, flame the lip of the flask and cap the flask. 
 
• Put inoculated culture into 30º C warm room on shaker table (approximately 100 
rpm) until its optical density reaches ~1.0 (approximately 18-24 hours).  The OD640 is 
often at about 0.6 to 0.8 after 24 hours, depending on the size of the colony used to 
inoculate the stock culture.  The lower O.D. solutions still works just fine in the assay 
with no impact on sensitivity.  Just add a bit more of this culture in the step below 
(e.g. 8 ml is fine for 0.6 OD).  If, however, an OD640 of 0.6 has not been reached 
within 24 hours, discard the solution and start over. 
 
Preparation of Assay Plates- 
• In biosafety cabinet, Open 96 well plate and cover with sterile lid. 
• For EtOH-based samples:  Add samples and standards in 20 µl EtOH-based aliquots 
in the first two wells of each row using 20 µl pipette and sterile pipette tips.  These 
can be sequentially diluted with 20 µl EtOH across the plate such that the effective 
volume of starting solution is decreased by half in each well:  20 µl Æ 10 µl Æ 5 µl 
Æ 2.5 µl, etc. One row of negative controls (EtOH) and blanks should be included on 
each plate.  Leave the last column on the plate completely empty as a “blank” 
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calibration for the plate reader.  (See diagram below.)  Allow solvents to evaporate 
completely by placing the plate (uncovered) in the laminar flow cabinet for 30 to 60 
minutes.  Once dry, cover until ready to inoculate with yeast. 
• For aqueous samples: The same dilution scheme as the EtOH-based samples should 
be used without the added evaporation step.  In the steps below where the assay 
medium is added, adjust volume to 230 µl instead of 250 µl used with the evaporated 
EtOH samples. 
 
 
 
Dilution for assay- 
• Into each flask to be used for the assay, add 0.5 ml of the 10 mg/ml sterile CPRG 
solution. 
• Using a disposable, sterile 10 ml pipette, collect 5 ml (or the appropriate volume 
given the actual OD) of the OD 1.0 culture in the sidearm flask and aseptically (flame 
the exterior of the pipette containing the culture briefly and flame the lip of the 
culture flask containing the assay medium) transfer that volume to the culture flask. 
• Flame the lip of the culture flask again and cap the flask.  
• Mix the culture in the flask gently for approximately 1 minute 
• Open the foil on the V-shaped well for multichannel pipetting 
• Open the cap on the culture flask and flame the lip 
• Open the cover on the Well and pour in the dilute culture 
• Put cover on the Well 
 
Assay- 
E2 Ctrl
Sample 2 a
Sample 1 a
Negative 
Ctrl 
Sample 1 b
Sample 2 b
Sample 3 a
Sample 3 b
1 2 3 4 5 6 7 8 9 10 11 12
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• Dispense inocultated assay solution 250 µl per well in the 96 well plate from V-
shaped reservoir using the 8 channel pipettor and sterile pipet tips.  (Use only 230 µl 
if working with aqueous samples!) 
• Cover plate with parafilm. 
• Cover plate with lid and press down. 96 well plate wells should be sealed by parafilm. 
• Tap side of plate to mix well contents. 
• Put plate in 30º C warm room on shaker table (approximately 200 rpm). 
 
Reading the Assay- 
72 hours after inoculation, the plate can be read (though an additional 24 hours may 
be needed for full color development). 
The lid and parafilm should be removed and the plate inserted into the plate reader. 
Absorbances at 562 nm (chlorphenol red) and 640 nm (turbidity) should be recorded.  
Blank wells must be included in each plate as the software automatically corrects the 
remaining wells based on the absorbance of the empty ones.  Data should be saved by 
date and plate number and then exported as a text file using the software export tool 
(File>Export…).   
 
Data imported into Microsoft Excel should be manipulated as follows:  To obtain the 
plate reading that corrects for turbidity caused by the assay, subtract A650 from A562.  
If multiple experiments are compared and the data need to be normalized, the relative 
absorbance (R) could also be converted into logistic form:  R = [(A562 – A650) – 
min(A562 – A650) /[Max(A562 – A650) – min(A562 – A650)], where “Max” is the maximum 
response for a given row of samples and “min” is the minimum response for a given 
row of samples.  Simple sigmoidal dose-response plots can be created by placing the 
concentration on the x-axis with the absorbance (or relative absorbance) on the y-
axis.   
 
In order to compare results, the concentration which elicits 50 % of the maximum 
response (EC50, also known as ED50) needs to be estimated for each compound and/or 
sample tested.  This can be done by regression of the data according to the dose-
response equation: 
 
   HillslopexECy )(log 50101
minmaxmin −+
−+=  
 
  where  min = minimum corrected response plateau 
   max = maximum corrected response plateau for E2 
   y = response 
   x = log concentration 
Hill slope = slope of the sigmoidal dose-response curve at its 
midpoint 
When the percent relative response is used, note that min = 0% and max = 100% for 
17-β estradiol (E2).  E2 is used as the standard reference compound for this assay and 
the maximum absorbance value is taken from the E2 control samples (Huber et al., 
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2004).  Each plate should theoretically have its own E2 “calibration curve” for proper 
reference. 
 
The EC50 is used to compare relative estrogenicity for each compound/sample tested.  
For samples with unknown concentrations of estrogens, concentration is replaced 
with the concentration factor (relative to extraction from original sample).  The hill 
slope taken from the E2 curve is used as a constant hill slope for the unknowns 
(Huber et al., 2004).  E2 equivalents (EEQs) are expressed as EC50 for E2 / EC50 for 
the unknown. 
 
For information on data manipulation using R-software, see Appendix E. 
 
A note about data analysis:  The original Routlege and Sumpter paper (Routledge and 
Sumpter, 1996), as well as several current papers, use a simple 50% of maximum 
response estimation (e.g. draw a line at the 50% response and find where this 
intersects on the graph, then determine the corresponding x-axis concentration).  
Though this method has been accepted in peer reviewed literature, it does not allow 
for calculation of statistical variation and confidence limits within the data sets.  By 
using the dose response equation, 90% (or higher) confidence intervals can be 
calculated for the EC50 and subsequent EEQs. 
 
 
Clean Up- 
• All plates that have been inoculated should be autoclaved prior to disposal. 
• All culture media that has been inoculated should be autoclaved prior to putting them 
down the drain. 
• All glass ware should be soap and water washed. Any glassware that has been acid 
washed should be rinsed with lab grade water and dried prior to use in this protocol. 
• All disposable items that have had contact with media containing inoculated culture 
media should be autoclaved prior to disposal. 
 
Huber, M. M., et al., Removal of Estrogenic Activity and Formation of Oxidation Products 
During Ozonation of 17-a Ethinylestradiol. Environmental Science & Technology, 
2004. 38(19): p. 5177 -5186. 
Routledge, E. J. and J. P. Sumpter, Estrogenic Activity of Surfactants and Some of Their 
Degradation Products Assessed Using a Recombinant Yeast Screen. Environmental 
Toxicology and Chemistry, 1996. 15(3): p. 241-248. 
 
 
   
 
 
Appendix E:  Instructions for Working with YES Data in R 2.4.0 
 
In order to minimize the difficulty of working with a programming language like R 2.4.0 the 
following set of instructions have been prepared for the specific analysis of data generated 
by the yeast estrogen screen (YES) assay.  Sections of these instructions were generated by 
Prof. Nina Cedergreen of Aarhus Unviersity, Denmark and were presented in the workshop 
“Statistical Assessment of Dose-Response Curves with Free Software” presented at the 
SETAC Montreal Conference, November 2006.  The original instructions were for general 
dose-response curve and have since been modified in this research project to be specific to 
dealing with the YES assay.  The original instructions were provided by Dr. Cedergreen 
with permission to use and modify as needed.  As such, they are being included as an 
appendix to this dissertation with acknowledgement to Dr. Cedergreen and her colleague, 
Christian Ritz, who co-designed and led the workshop. 
 
Software Installation 
Assuming that the necessary software has been provided, double-click on the file R-2.4.0-
win32.exe and install on the local computer.  Follow all screen prompts. 
 
Once installed, two packages must be installed to add functionality to the program for 
working with dose-response curves.  On the upper tool bar click Packages > Install 
package(s) from local zip file…  From there navigate to the folder from where R was 
installed and select plotrix_2.1-1.zip and drc_1.0-5.zip.  Install each of those packages and 
follow screen prompts. 
   
172 
 
 
If the R software is not available it can be downloaded from http://www.r-project.org/ .  
Once it has been installed, the “drc” and “plotrix” packages can be downloaded under the 
Packages menu.  Once downloaded, the installation instructions above can be followed. 
 
Preparing Data in Excel for Export to R 
 
There are two ways to import data into R from Excel: copy and paste from the clipboard or 
directly import from a comma separated format (.csv) file.  In general, data in Excel need to 
be stored in .csv format, one worksheet only.  Data also need to be in column format:  
Column 1 heading = “concentration”; 2 = “curve”; 3 = “Response”; 4 = “Type”.  “Type” is 
another label for “curve”.  The “curve” column should always have an associated number 
with a given group of data within the sample set (e.g. 1, 2, 3, etc.) while the “Type” column 
will be given names for each group of data within the sample set (e.g. E2 Control, Sample 
Extract 1, Negative Ctrl, etc.).  Note that everything in R is case sensitive.  The column 
headings may be changed, just make sure to note the changes and place the correct text into 
the program.   
 
The easiest way to prepare data is to have an Excel document where the first tab or 
“worksheet” is set up with the proper column headings.  Once the data are in place and the 
summary worksheet is active, select save as… from within Excel, choose the “.csv” format, 
and give the file a new name (e.g. Data for Export to R.csv).  The file is now ready for 
manipulation in R. 
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Another way to move small bits of data into R is to use the clipboard.  Here, the user does 
not have to change anything to .csv format, but it is important to capture the column 
headings.  Without the column headings, R uses the default headings and will not recognize 
the dose-response commands.  Simply highlight the data with column headings, and press 
ctrl-C to copy.  The data is now on the clipboard for importing into R. 
 
R Start-up Commands and Data Import 
 
From this point forward, all text in italicised, bold, Courier font can be 
directly copied and pasted into R as a command line.  The black text must be used as 
is.  Any text written in red can be changed to suit the name and/or functionality 
required by the user.  The red text could be broadly called “Dataname”.  Use a period 
instead of a space to separate words in the dataname. 
 
The first step to using R for the analysis of dose-response curves is to load the DRC 
package.  This must be done every time the program is started.  To load the DRC package 
type: 
 
> library(drc) 
 
Once the DRC library is active, then data can be imported from Excel.  For import of an 
entire .csv file, type: 
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> YeastE2<- read.csv(file.choose(), dec=”.”, sep=”,”, 
header=T) 
 
In the case of importing data from the clipboard, type: 
 
YeastE2.Clipboard<- read.delim(file="clipboard", 
row.names=NULL) 
 
The exact table or selection can be shown on screen by typing the dataname alone:   
 
>YeastE2 
 
The row.names=NULL gets around the error stating that each row must have unique 
name.  The 
command basically puts in a unique value for each row.  For more information type, 
 
>help(read.delim) 
or type  
>help(read.table) 
 
To see a list data files associated with the workspace type: 
 
>ls() 
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To clear the screen, press ctrl-L 
 
Data Analysis and Generation of Results 
 
There are many different models included in the DRC curve which can be used to describe a 
dose-response curve.  The user may access these through any of the help commands or by 
referencing the “Statistical assessment of dose-response curves with free software: 
Collection of examples” packet created by Christian Ritz and Jens C. Streibig.  The main 
model used for the YES assay is a four-parameter logistic model described by: 
 
))}log()(log(exp{1
)),,,(,(
exb
cdcedcbxf −+
−+=  
 
where b = hill slope 
c = lower limit 
d =  upper limit 
e =  EC50   
 
 
In R, the four-parameter logistic function is named l4().  In the case where the user’s data 
contains only one dose response curve, the program will fit a best-fit curve by typing 
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>model <- multdrc(Response ~ concentration, curve, fct=l4(), 
data = YeastE2) 
 
The above command will work for multiple curves, but the error associated with the curves 
is much higher than if they are treated singly.  In the case where the data file contains 
multiple curves, simply break the analysis into subsets for each curve: 
 
>model.curve1 <- multdrc(Response ~ concentration, fct=l4(), 
data = subset(YeastE2, curve == 1)) 
 
To view the numeric output of the results type  
 
>summary(model) 
 
To view the results graphically type 
 
>plot(model) 
 
The “plot” command alone does not generally provide enough detail to adequately interpret 
the data.  For example, in the default “plot” settings data points below 0.01 are shown as 
x=0 and subsequently are masked or do not show up on the graph.  The line of text input 
shown below will provide parameters for the most common changes necessary for each plot.  
Note that the order of text within the parentheses does not matter.  As such, items may be 
moved out or added in to the parentheses as needed for each plot. 
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>plot(model, ylim=c(0,5), xlim=c(0,1000), conLevel=(0.0001), 
xlab=“x-axis label”, ylab =“y-axis label”, main= “Main 
Title”) 
 
 
Explanation:   
ylim sets the min to 0 and the max to 5 (or whatever values are entered); same for xlim.   
conLevel forces all values above the number entered will be shown as their true value, 
not zero as in the default settings. 
xlab, ylab, and main provide labels/titles for the plot 
 
Other functions which can be added to the plot() command include: 
Type = “points” shows all points instead of the average of points as in the default 
legendPos=c(100,1)) fixes the legend at the desired x, y coordinates 
add=TRUE allows the user to add multiple plots to the currently displayed plot 
col=c(1,3,5,9) or col=TRUE adds colors to the plots.  To get help on the numerical 
values for color names, type help(plot) or help(col) or help(color). 
ldw=c(1) changes the line width.  Larger numbers make bolder lines; the number defines 
the number of pixels used to create the line width. 
lty=0 makes the model line disappear while still plotting the points (lty = line type).  The 
lty command can also be used to modify dash/dot and color settings. 
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pch=19 can be used to modify the point characteristics (e.g. change dots to open triangles, 
filled triangles, squares, etc.).  A full string of values can be accessed in help(plot) 
 
 
There are numerous lines of text towards the end of this document that describe different 
things the user can do with the program and how to examine and manipulate the data.  At 
this point the instructions will focus on what to type in order to process a YES data set with 
multiple curves and describe how to interpret the data. 
 
The section of the model fit command line that is fct=l4() invokes the program to solve 
for each parameter b, c, d, and e.  In many cases it is desirable to force upper limits, lower 
limits, and/or slope values based upon the behavior of the estradiol positive control standard 
or samples of similar matrix and concentration.  The command line needed to change the 
fct=l4() model from the default settings to the user settings looks like this: 
 
model.modified <- multdrc(Response ~ concentration, Type, 
fct=l4(fixed=c(NA, 0.1, 3.6, NA)), data = YeastE2) 
 
OR, 
 
model.modified.curve1 <- multdrc(Response ~ concentration, 
fct=l4(fixed=c(NA, 0.1, 3.6, NA)), data = subset(YeastE2, 
curve == 1)) 
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The l4(fixed=c(NA, 0.1, 3.6, NA))  portion of the command line can be set to 
l4(fixed=c(NA, NA, NA, NA)) in order to return to all default settings.  “NA” 
specifies default settings while numerical values specify user input.  Each of the input 
parameters within the parentheses refer to b, c, d, and e in order.  Of course, “e” should 
never be specified (since “e” corresponds with the EC50 value for which the program is 
trying to solve).  The lower limit (c) will rarely be zero since the lowest corrected response 
is typically around 0.11 absorbance units.  Similarly, the upper response (d) cannot exceed 4 
(the maximum absorbance possible on from the plate reader) and is typically between 3.1 
and 3.8.  The hillslope (b) should be modified to reduce the standard error associated with 
each line.  Visually (using the plot() command) this corresponds to the fitted line evenly 
splitting the data and passing through as many points as possible.  Numerically this 
corresponds with a decrease in standard error shown in the summary(model) command.  
Both numerical and graphical data should be visually inspected to ensure a proper line fit.  
The user may compare two model results using an ANOVA test to determine statistical 
significance as follows: 
 
>anova(model, model.modified) 
 
Please note that during the data analysis phase, if the user does not change/modify the model 
name each time then the data from the previous model will be overwritten.  This is 
important when wanting to compare models and compare samples. 
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As data are processed, plots should be copied and pasted into a Microsoft Word document.  
R does not have the option of uniquely naming each plot and then recalling the plot later.  
Therefore, the plots should be saved as soon as they are generated.  Plots may be copied and 
pasted using the copy and paste commands in the edit menu.  The user may specify whether 
to export/copy as a windows metafile or as a bitmap image.   
 
Similarly, numerical data should be copied and pasted into Microsoft Word.  The simplest 
way to do this is at the end of processing all data, invoke the program to produce summaries 
of all the models obtained.  e.g.: 
 
>summary(model.1) 
>summary(model.2) 
>summary(model.3) 
>summary(model.4) 
…etc. 
 
Copy the whole lot into Word and/or into a blank Microsoft Excel spreadsheet.  In 
Microsoft Excel, the data can be force into column format by selecting from the toolbar 
Data>Text to Columns… after selecting all of the data in the first column. 
 
 
Convergence Errors 
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In the case of hormesis where yeast die off in high concentration extracts, the program will 
give a convergence error like the following: 
 
Error in mdrcOpt(opfct, startVec, optMethod, derFlag, constrained, warnVal,  :  
        Convergence failed 
 
This is due to the programs inability to determine where in the data set the maximum value 
and minimum values can be found.  The user has two options:  The easiest option is to go 
back into the data set (in Excel) and delete the upper hormesis/die-off data points.  From 
here, copy the data back into R and then use the data available to fit the slope and expected 
upper limit for the assay.  The other option involves use of the five-parameter logistic 
equation (fct=l5()) to account for hormesis.  The former approach has been validated in 
Chapter 3 of this dissertation while the latter approach has not been tested here. 
Programming Information from Original Workshop 
 
The commands listed below are those originally provided by Nina Cedergreen at the 
“Satistical Assessment of Dose-Response Curves with Free Software” workshop.  Note that 
the # sign is used to signify a new line.  This was done to allow the user to copy and paste 
entire sections of programming and instruction into R.  Lines with the # sign at the 
beginning are not recognized as commands by R, so they are simply ignored. 
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One curve only in the data set 
#For fitting one dose-response curve to a model (model name is given in the manual) you 
write: 
model<-multdrc(Response~dose, fct=l3(), data = Dataname) 
 
# To see a graph of your model and data averages write: 
plot (model) 
 
# To get the parameters of your function, write: 
summary(model) 
 
#The t-value tests whether the parameter is significantly different from zero. If c is not (p > 
0.05), a # model without a lower limit is recommended. 
 
# To check for homogeneity of variance in your data, you can inspect a plot of the residuals 
versus # the model predicted values: 
plot(fitted(model), residuals(model)) 
 
# If the variance is not homogeneous, data should be transformed. We use a box-cox  
# transformation. This is done by adding the following term (boxcox=TRUE). If you have 
missing  
# value in your dataset, you can use (na.action=na.omit): 
tmodel<-multdrc(response~dose, fct=l4(), data = Dataname, 
boxcox = TRUE, na.action=na.omit) 
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# Remember. If your data-set contains zero or negative values, they cannot be transformed 
using  
# boxcox. 
 
# If you want to know for example the ED10 or the ED90 you write: 
ED(tmodel, c(10,90)) 
 
Multiple curves 
# To get a view over your multiple curves, write: 
plotraw(response~dose, curve, data = Dataname, trellis=TRUE) 
 
# To fit a model to the data, write: 
mult<-multdrc(response~dose, curve, fct=l4(), data = 
Dataname, boxcox = T) 
 
#To fit multiple data with one common parameter (here the upper limit. Parameter names 
are #arranged alphabetically) 
multa<-multdrc(response~dose, curve, fct=ml3a(), data = 
Dataname, collapse=data.frame(curve, 1,curve, curve)) 
 
#To do F-test between models, do this: 
anova(mult, multa) 
#If no significant difference between these two models, then use the simpler of the two 
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# summary, plots, residuals, ED-values ect. are as for one curve. 
 
Binomial endpoint 
# Binominal data is distributed differently from gradual data, and therefore need to be 
described  
# with a different model. Note that also the data has to be set up differently with a column 
for both 
# the response (for example “immobile”) and the total number of individuals. An l2 model 
fits a  
# curve which is defined with an upper limit of one and a lower limit of zero. Apart from l2, 
the  
# same models can be used for binominal data as for gradual data. 
bin <- multdrc(no/total~dose, weights =total, fct = l2(), 
type = “binomial”, data = Dataname) 
 
# To fit more than one curve, to receive a summary, plots, residuals, ED-values ect. The 
same  
# commands are used as for gradual data. 
 
Fixing a parameter at a certain value 
# A parameter can be fixed using the five parameter logistic model, where the parameters 
are listed #alphabetically: b, c, d, e, f, with f being a parameter describing hormesis. Setting f 
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to one reduces #the model to a four parameter logistic model (l4) model. The example fixes 
c at 0.5 while #estimating b, d and e: 
model<-multdrc(response~dose, fct=logistic(fixed=c(NA, NA, 4, 
NA, 1), data = Dataname)) 
 
Graphs 
# There are several commands to use, to modify your graphs. Some of the most used follow 
here:  
# The value you want your controls to be situated at (conLevel= 0.1), the name you will put 
instead 
# of the control value (conName= “control”), the labels of your axes (xlab = dose, ylab= 
response), 
# the limits of your axes (ylim= c(0,10)), if you want to see all your data (type= “points”), or 
if you # want to hide the data (obs = “none”). Colours can be added on the graph (col = 
TRUE). The 
# command are just added to the plot-command line as in the example: 
 
plot( model, conlevel = 0.1, xlab = “Concentration (mM)”, 
ylab = “Freshweight (g)”) 
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DRC Help File for “Plot” Copied and Pasted From R.2.4.0 
 
DRC Plot Instructions   
plot.drc(drc) R Documentation 
Plotting fitted curves for a drc object 
Description 
'plot' displays fitted curves and observations in the same plot window, distinguishing 
between curves by different plot symbols and line types.  
Usage 
   
  ## S3 method for class 'drc': 
  plot(x, ..., level = NULL, broken = FALSE, col = FALSE,  
  conLevel, conName, grid = 100, legend, legendText, legendPos, 
  type = "average", obs, lty, log = "x", pch, xlab, ylab, xlim, ylim, 
  bcontrol = NULL, xt = NULL, xtlab = NULL, yt = NULL, ytlab = NULL, 
  add = FALSE) 
   
Arguments 
x an object of class 'drc'. For instance, 'lwd=2' or 'lwd=3' increase the width of 
plot symbols. 
... additional arguments. 
level vector of character strings. To plot only the curves specified by their names. 
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broken logical. If TRUE the x axis is broken provided this axis is logarithmic (requires 
the CRAN package 'plotrix'). 
col either logical or a vector of colours. If TRUE default colours are used. If 
FALSE (default) no colours are used. 
conLevel numeric. Dose level below which the dose is zero (the amount of stretching on 
the x-axis above zero). Default is 1e-2. 
conName character string. Name on x axis for dose zero. Default is '"0"'. 
grid numeric. Number of points in the grid used for plotting the fitted curves. 
legend logical. If TRUE a legend is displayed. 
legendText a character string or vector of character strings specifying the legend text. 
legendPos numeric vector of length 2 giving the position of the legend. 
type a character string specifying how the originals observations should be plotted. 
There are 4 options: "average" (default), "none" (only the fitted curve(s)), 
"obs" (only the data points), "all" or "points" (all data points). 
obs Outdated argument. Use type. 
lty a numeric vector specifying the line types. 
log a character string which contains '"x"' if the x axis is to be logarithmic, '"y"' if 
the y axis is to be logarithmic and '"xy"' or '"yx"' if both axes are to be 
logarithmic. The default is "x". The empty string "" yields the original axes. 
pch a vector of plotting characters or symbols (see points). 
xlab an optional label for the x axis. 
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ylab an optional label for the y axis. 
xlim a numeric vector of length two, containing the lower and upper limit for the x 
axis. 
ylim a numeric vector of length two, containing the lower and upper limit for the y 
axis. 
bcontrol a list. Controlling the appearance of the break (if 'broken' is TRUE). 
xt a numeric vector containing the positions of the tick marks on the x axis. 
xtlab a vector containing the tick marks on the x axis. 
yt a numeric vector, containing the positions of the tick marks on the y axis. 
ytlab a vector containing the tick marks on the y axis. 
add logical. If TRUE then add to already existing plot. 
Details 
Suitable labels are automatically provided.  
The use of xlim allows changing the x-axis, extrapolating the fitted dose-response curves.  
See colors for the available colours.  
Value 
An invisible data frame with the values used for plotting the fitted curves. The first column 
contains the dose values, and the following columns (one for each curve) contain the fitted 
response values. 
Author(s) 
Christian Ritz and Jens C. Streibig Contributions from: Xiaoyan Wang  
See Also 
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plotraw plots the observations only.  
Examples 
 
## Fitting models to be plotted below 
model1 <- multdrc(MEANLR~MM, data=FA) 
model2 <- multdrc(MEANLR~MM, data=FA, fct=l3())  # lower limit fixed at 0 
 
## Plotting observations and fitted curve for 'model1' 
plot(model1)  
 
## Adding fitted curve for 'model2' 
plot(model2, add = TRUE, type = "none",  
col = 2, lty = 2) 
 
## Fitting model to be plotted below 
model3 <- multdrc(SLOPE~DOSE, CURVE, data=PestSci) 
 
## Plot with no colours 
plot(model3, main="Different line types (default)") 
 
## Plot with default colours 
plot(model3, col=TRUE, main="Default colours") 
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## Plot with specified colours 
plot(model3, col=c(2,6,3,23,56), main="User-specified colours") 
 
## Plot of curves 1 and 2 only 
plot(model3, level=c(1,2), main="User-specified curves") 
 
## Fitting another model to be plotted below 
model4 <- multdrc(weight~conc, data=hormesis) 
 
## Using the argument 'conLevel'. Compare the plots! 
par(mfrow=c(2, 2)) 
plot(model4, main="conLevel=1e-2 (default)")  # using the default 
plot(model4, conLevel=1e-4, main="conLevel=1e-4") 
plot(model4, conLevel=1e-6, main="conLevel=1e-6") 
plot(model4, conLevel=1e-8, main="conLevel=1e-8") 
par(mfrow=c(1,1)) 
 
## Using the argument 'broken' 
plot(model1, conLevel = 0.1, broken = TRUE) 
plot(model1, conLevel = 0.1, broken = TRUE,  
bcontrol=list(style="zigzag")) 
 
## Removing models from work space 
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rm(model1, model2, model3, model4) 
 
 
[Package drc version]  
 
